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AN ASYMPTOTIC ESTIMATE FOR OPTIMAL REACTOR REFUELLING STRATEGY

V. D. Simonov UDC 621.039.003

Mass production and standardization do not rule out the possibility of improvement of
the technicoeconomic indicators of operating and projected generating units of nuclear power
stations by improving the reactor internal fuel cycle (IFC). Even with standardized fuel
enrichment and unified reactor and fuel-element design, we have a certain freedom in choos-
ing the quantity and the composition of the fuel, which makes it possible to adapt the IFC to
specific operating conditions of the various units.

Various factors, such as capital investment in power-generating units with identical
reactors, the load coefficient and the load curve, or the down time associated with refuell-
ing and equipment maintenance, may vary not only for different nuclear power stations but
even within the same station. Systems with identical nuclear power stations may also be
characterized by different operating conditions. Therefore, the IFC must be designed for
each reactor separately, taking into considerations the specific operating features of the
generating unit. If unanticipated effects are observed during reactor operation.or, alter-
natively, anticipated effects are not observed, the IFC strategy must be adjusted in
accordance with the actual situation.

In this context, it is difficult to overestimate the role of asymptotic estimates as a
starting point in the search for an economically optimal IFC strategy. These estimates en-
sure fast orientation under conditions when we have to allow for the impact of many inter-
dependent factors; the easiest couse is to chart a steady-state refuelling strategy and to
determine the initial charge composition which is best suited for this strategy.

Asymptotic estimates clearly do not exhaust the economic performance analysis of the
IFC. They are insufficient in order to arrive at a strictly optimal decision. Yet they
provide the most efficient technique for identifying a bounded region of variables where the
optimal strategy is located. :

Let us consider the main aspects associated with the derivation of such estimates for
a shell-type heterogeneous reactor with an open fuel cycle.

THE IFC ECONOMIC CRITERION
The economic indicator which enables us to assess the IFC performance is determined by

the structural features of the power system in which the particular generating unit is in-
cluded. For a basic-mode reactor, we can identify two cases which should rely on essentially

~different criteria.

1. The power system includes a sufficient number of identical units, so that when a
particular unit is shut down for scheduled refuelling or maintenance, another generating

unit steps in, for which refuelling or maintenance has been completed by that time. In this
case, scheduled shutdown of any reactor has no effecton the contractual commitments to users
or on power-generation costs. A suitable economic criterion for coordinated scheduling of
generating capacity and generating conditions is therefore provided by the discounted specific
power-generation costs of the various units (DSC) [1].

2. The power system is designed in such a way that capacity shortfall following the
shutdown of any unit may be made up, but the cost of the alternative power is higher than
the power-generation cost of the original unit. It is determined by the so-called closing
power costs in the given system [2],

In this case we are actually considering the profitability of alternative ways to meet a
given load schedule. A suitable criterion is the sum of discounted generatlng unit costs
and closing costs charged for the alternative power during shutdown.

Translated from Atomnaya ﬁnergiya, Vo. 59, No. 4, pp. 243-247, October, 1985. Original _

“article submitted May 28, 1982,
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case above, but the closing costs are replaced with the penalties for failure to supply the
demand.

MODELING THE FUEL BURNUP PROCESS

IFC optimization requires a mathematical model of fuel burnup which should express the
economic indicators and the given constraints as functions of the unknown independent vari-
ables. Multidimensional programs simulating in detail the spatial processes in a reactor
will lead to an optimization algorithm of intractable complexity, thus requiring computers
of enormous power. Asymptotic solutions of optimization problems, on the other hand, can
be obtained ignoring the detailed spatial picture.

The simplest and most flexible fuel burnup model under steady-state refuelling (SSR) is
provided by the so-called model of the fuel energy potential, which is useful and efficient
for generating asymptotic solutions of IFC planning problems. The fuel energy potential
(FEP) is defined as the energy that can be generated by burning and given guel in a reactor
of actual dimensions and power output but assuming hypothetical fuel charging mode: this
hypothetical mode ensures uniform burning of all the fuel moving through the reactor, by
stipulating continuous refuelling with infinitesimal fuel charges while maintaining full
power output and infinitely fast mixing of the fuel in the reactor core.* A quantitative
measure of the FEP is provided by the fuel lifetime in a reactor with such a (reference) fuel
cycle, i.e., the time that the fuel stays in the reactor under nominal power output condi-
tions,

Ty (X) = Wpy (x). 1

Here W, days (kg/ton)~?, is the operating time of the reactor under normal power output
needed to produce 1 kg of slag for each ton of fuel; x is a vector whose components are fuel
enrichment, fuel density, reactor power, and all other parameters which determine fuel re-
activity; py, kg/ton, is the maximum attainable slag concentration in the fuel consistent
with reactor criticality (assuming uniform fuel irradiation during the entire operating
time): it is given by the equation [3]

Mt

— |k (0, ) dp=F 4(x), (2)

%
Ty

where ke is the multiplication factor of the actual subscripts fuel lattice, whose depend-
ence on p may be represented in the zero-dimensional approximation; kg is the volume-average
multiplication factor required for the realization of the designed operating conditions.

If the FEP is known, we can use the fuel burnup loss factor compared with the reference
burnup mode in order to determine that part of the FEP which is realized under discrete
charging conditions. If the loss factor is K(n) for a strategy which calls for n refuelling
during the lifetime of each fuel portion in the reactor (equal to 1/n of the total reactor
charge), then buildup of poison in the unloaded fuel under these conditions is given by

o op®) 3
pr (n, x)z—fg—(;l—)—,
the fuel lifetime is
T (n, X) = Ty (%) ' (4

K(n) "’

and the reactor lifetime between two consecutive refuellings (in the linear approximation)
is

Ty (X) (5)
T (n, x):’—lfl((—n).

Formulas for the loss factor of a number of fuel charging modes are given in [3]. Thus,
for a reactor in which radial mixing of the fuel is performed with the same periodicity as
-fuel charging, we have ' '

-%This fuel burning mode was first introducedvby Feinberg [3].

790
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I \llr}:T‘T\],‘. \I—T)’ (6)

and without mixing

K (n)=0 (1—\4 —:T), ) (7)

where © and O, are integral characteristics of spatial and radial energy distribution in
the reactor, respectively (see [3]). :

Relationships (1)—(7) constitute a fuel burnup model under stéédy—state refuelling
which is known as the FEP model.

STATEMENT OF THE PROBLEM

The 'search for an optimal IFC strategy always involves minimizing some objective func-
tion of several constrained variables. Depending on the specific conditions for which the
objective function, the constraints, and the sought parameters (the controls) are chosen,
different solution methods have to be used for the problem. We will only consider asympto-
tice estimates of the optimal number of refuellings during a given fuel lifetime.*

We thus assume that the effect of the period preceding the attainment of SSR has a
negligible effect on the choise of the refuelling strategy. We also assume that the changes
in the initial reactor charge associated with SSR variation make only a small contribution
to the optimization criterion and may also be ignored. Then, if z is the objective function
of the problem, we seek to find mne such that

2 (nm X, q):min z (n, X, q) (8)
subject to the constraints
x = const, q=const. (9)

This no is the asymptotic estimate of the optimal number of refuelling under SSR, where
z stands for discounted specific costs or the sum of discounted and closing costs for a
generating unit with a vector which has reached the SSR mode and is fuelled by fuel with the
properties x; the components of q are Tyfs the length of one reactor refuelling; ¢ ~the unit
load ratio (the ratio of the average power output between scheduled shutdowns to the rated
power output); n, the net unit efficiency; Q, the rated reactor power; T,, the average
scheduled maintenance time of a shutdown unit per days of operation with load ratio ©; ©
and Or; p, the cost discounting factor; capital investment and operating outlays; the cost of

-fuel and- closing energy. -~ - -

OBJECTIVE FUNCTIONS

In order to solve problem (8)-(9), we have to express z as an explicit function of n,
X and q . This can be done in the following way. We divide the discounted specific costs
into two components,

3=3;F3,,

where 8 is the part of the discounted specific costs associated with the flow of payments
for fuel charges, and 3, is the part attributable to all other expenditures. '

In the classical framework, assuming continuous fuel charging and constant power output
of the generating unit, for given fuel charges, fixed capital outlays (including the initial
charge cost), and fixed operating costs (depreciation charges, maintenance costs, wages,
etc.), 3 depends only on the efficiency of fuel utilization and 3, only on the rated output
utilization factor of the generating unit, Ky:

3, ~ K (n);
3, ~ [Ky(m)]t

The appropriate criterion for the second case may be written in the form

8=3,+3,

*The proposed approach may be applied to other similar problems.
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a O . . .
where 3g1:3hw£#L are the discounted power generating costs of the unit;

Be=no(p—Ky 2L

are the closing power costs; 3. is the price of closing power. We assume that the efficiency

is independent of ¢,

(o4

Now consider a generating unit with a reactor which is equally capable of operating of
the reference mode and in the discrete mode; the reactor operating costs are assumed to be
independent of n and the initial charge cost is given. The generating unit equipment is such
that the unit may operate under the load ¢MQ for (365 — ty) days each year. On average,

Tm consecutive days each year are spent on scheduled equipment maintenance, so that

—_ "m L _ _Tm
"= mor,, ! fu @ (1~ 5 )

If in the reference mode with fuel enrichment x, the DSC are

a7 (z) = 8f () 48,
then in the discrete mode with the same fuel and n refuellings during the fuel lifetime,
assuming that T, and ¢ remain unchanged, the cost will increase to

Kr (10)
T T u
Mm@=%@”HM+%E?
where
365+ Tef

i o, )

u
is the annual number of reactor refuellings, when one of the refuellings coincides with
scheduled maintenance (Tpf < Tp).

m(n, z)T{n, )
365

Ky= ;mn, )=

Substituting K(n) and t(n, x) from (6) or (7) and (5), respectively, in expression (10),
we obtain the objective function of the DSC minimization problem in explicity form.

The second objective function is written, using (10), in the form

(h]

3 (n, x) = - [3] () K (n) Ky+3]K[ +3; (9 — K )]

(11)

and the same substitutions as before reduce it to an explicit form.

* OPTIMAL NUMBER OF REFUELLINGS

The condition for minimum of the functions (10) and (11) equates to zero their deriva-
tives with respect to n. 1In the first case, for DSC minimization, the solution of the pro-
blem (8)~(9) has the form

(12)
3651 Tef
=V e i 35—, o (8) T (),

and in the second case

. 365 Tr(l) |

my= = g (1 + V 1+ 5 (@) (g5 Foeg+ 1) (13

T
where 3T (z) = 2. B — ¢ _ 1 without fuel mixing, A = 1, C = ©; with radial mixing
1.2 af(z) Caf () »
during each refuelling, A :~ é? —1; C -8,
r

We often have to consider an additional constraint on fuel burnup: pf(n, x) <X f¢. It.
determines the admissible fuel lifetime T¢(n, x) <X T¢, the minimum attainable loss factor
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Fig. 1. Number of refuellings, reactor lifetime, and build-
up of poison in the unloaded fuel vs fuel enrichment, cor-
responding to minimum DSC. '

Ny
60

1 L . L
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Fig. 2. Optimal number of refuellings and reactor lifetime as a func-
“tion of enrichment for various closing power prices (1, 2, 3, 4 — ne*

(x); a, b, ¢, d = T(x%, no) for 3; = 1.5, 2.0, 2.5, 3.0 kopecks/ (kW-h),
respectively).

?

K (1) =2
B 4

and the number of refuellings corresponding to the limiting burnup,
A AC

n=11f —————.

Tr(z)—Ctf

The optimal number of refuellings during the fuel lifetime is then given by
n, (';:.f} = min {rn,; ;z}

NUMERICAL ESTIMATES

Let us consider some estimates for the optimal periodic charging of the VVER-440 reactor

in SSR mode with radial fuel mixing for various fuel enrichment levels and various closing
power prices.

The costs 3%, (z) and_af@ﬂ, entering the formulas (12) and (13) were determined from the
following considerations. 1If a given reactor using fuel elements with enrichment Xq and
subjected to np refuellings operates in the SSR mode for one year between refuellings

,1—t(naq Iﬁ)-% tm:r365] and both components of the DSC are known, i.e.,

¢
.3 (nm’ %):31 (M T 132 (2 nrg,

then under our previous assumptions we have
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Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1

3 (2) = 1AL BT O AW VLS o
L @) =K am S e @

3l
R

where s(x) is the cost of fuel of enrichment x.

Following the data of [4-7], we may take trf = 15 days, 1y = 35 days, ¢ = 0.9, 0 = 1.3,
r = 1.15; then, for x = 3.3%Z and n = 3, the DSC is 1.1 kopecks/(kW-h), and the fuel cost
component is 0.3 kopecks/(kW-h).

In order to solve the equation (2), we used the numerical function ko(p, x), computed
by the program UNIRASOS [6]. The fuel cost ratio s(x)/s(xp) was obtained using the classi-~
cal formula for the price of enriched fuel (see, e.g., [8]), assuming 0.25% enrichment of
the reprocessed fuel and taking the cost of fuel elements with 3.3%7 enrichment to be allo-
cated to fabrication, acquisition of nautral uranium, and enrichment in proportions of 15%,
50%, and 35%, respectively [9],

Figure 1 can be used to determine, for a given x, the value of ne minimizing the DSC,
the corresponding reactor lifetime t(no, x), and the slag accumulation in the discharged
fuel pf(x, ne). For example, if x = 3.3%, then no = 6 and 7 = 175 days. With this refuell-
ing strategy, after operating for 195 days with ¢ = 0.9 the reactor will be alternately shut
down for 15 and 42 days in order to replace 1/6 of the fuel charge. The average multiyear
rated power utilization factor will be 0.792, and the DSC and the specific fuel consumption
will be respectively 27 and 15% less than for n = 3.

Calculations show that in terms of DSC, in the given range of enrichment values, it is
better to perform more frequent refuellings and correspondingly to maintain shorter life-
times than in the current practice. A lifetime of 300 days and longer is advisable for a
reactor with long idle periods or with low load factors. For instance, if x = 3.3% and ¢ =
0.9%, no < 3 when Trf ~ Ty 2> 80 days, i.e., K, < 0.7.

Figure 2 shows how growth of 3 reduces no, making longer lifetimes more beneficial.
However, for the usual VVER-440 fuel (x = 2.4-3.6%), ~300 day lifetime is advisable only
if the closing costs per unit of power are quite high. Thus, if x = 3.3%, then T > 300 days
is economically justified only for 33 >3 kopecks/(kW-h).

CONCLUSION

The simple formula, derived for estimating the optimal number of reactor refuellings
during the fuel lifetime may prove to be very useful for IFC planning. They can be used to
easily estimate the effect of various factorson the refuelling strategy, such as the load
factor of the generating unit, fuel costs, or shutdown time during refuelling, testing, and
maintenance of equipment. The FEP model allows solving a number of other similar problems.

The conclusions based on the quantitative estimates shouldnot be interpreted as general
unambiguous recommendations. This would be contrary to the established conception of indi-
vidual approach to IFC planning for each reactor.

The author would like to thank V. A. Sidorenko for suggesting the topic of this re-
search and Ya. V. Shevel'ev for useful comments and advice that helped to bring the article
in its present form.
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UNIFIED DRIVE MEANS OF THE CONTROLLING AND SHIELDING SYSTEM
OF RESEARCH REACTORS

I. Ya. Emel'yanov, A. N. Bakushin, _ UDC 621.039.56
N. I. Galyshev. A. N. Zinkin,
and A. F. Lineva

Research reactors of various designs are employed {1, 2]: swimming pool (IRT and IVV)
reactors, reactors with pressurized water (SM-2 reactors), and heavy-water (IVR) reactors
These reactors are characterized by a relatively small core (n0.5-1 m), a small lattice
spacing of the fuel elements, and small mass and small movement of the regulating elements;
experimental channels for experiments in neutron physics, metallurgy, and other fields; fre-
quent starts and stops because samples must be loaded or unloaded; and considerable distor-
tions of the neutron flux distribution in the core region when.the reactor is in the loaded
state. Such reactors therefore require a flexible controlling and shielding system with uni-
versal means for regulating the output in automatic regulation and reactivity compensation
in some combination for levelling the neutron flux and for providing the required neutron
density in the test area. - Since the reactor is often stopped and restarted, the reactor must
satisfy increased requirements in regard to the steering of the controlling means and to
radiation safety, i.e., the drive means of the controlling and shielding system must be com-
prehensive, must work in the automatic regulation mode, must compensate. for the reactivity,
and must provide emergency shielding (the drive of the controlling and shielding system must
provide these functions individually and in various combinations); and fast response and pre-
cision in the movement of the regulating elements in the core must be guaranteed for perform-
ing precise experiments in neutron physics. The drive of the controlling and shielding sys-
tem must be arranged on the reactor so that experimental work is not interfered with, i.e.,
access to the experimental channels must not be shut off.

Universal system and drive means of controlling and shielding systems could be built be-
casue discrete control systems with linear stepper motors were developed [3, 4]. Discrete
control systems satisfy to-the fullest extent the specific conditions of reactor regulation
(synchronization of the operation of the regulating elements or their groups in various com-
binations and regulating conditions, emergency shielding of the reactor), and drive means of
a controlling and shielding system with linear stepper motors meet the requirements in re-
gard to high precision and fast response of the movement of a regulating element.

All the scientific-research work and the test designs [3] have shown that the main pro-
blem in the development of drive means with linear stepper motors is associated with the im-
provement of the static and dynamic quality of linear stepper motors within certain given
dimensions (outer diameter of 60 mm), and Kg = Ppsy/Q and Kg = Ppay/m, where Pp.. denotes
the greatest static force, Q denotes the mass of the motor, and m denotes the mass of the
armature. The higher these coefficients, the better the design of the drive means. The de-
sign of the motor is based on the principle of longitudinal displacement of the magnetic
flux along the armature with multiple armature modulation in the operational gap region. 1In
this way excellent static characteristics of linear stepper motors can be obtained.

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 247-250, October, 1985. Original
article submitted March 28, 1985. :
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~Fig. 1. Design of the drive means.
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Fig. 2. Design of the linear stepper motor.

) 248
\
<

1

| Ay

l

- Fig. 3. Linear position sensor of a regulating ele-"
ment.

796

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1

1y IN

250

1501

Jar-

L L Il
7 2 J ¢ L(A)
Fig. 4. Dependence of the static force. P upon

“the current I: 1) two phases switched on; 2)
one phase switched on.

AN

2 A
150F f

e, .
0 5§ 10 .75 20 fHz

Fig. 5. Critical response of the linear stepper
motor: 1) before and 2) after safe life testing.

In the case under consideration the static force is given by the formula Pg = 0 (F;f,
dG/dx, n), where Fnf denotes the magnetomotive force in the gap region; G, conductivity of the
gap region of one tooth division; x, displacement of-'the armature; and n, number of inter-
sections of the magnetic field by the operating gap.

This scheme makes it possible to use cylindrical control coils and to make better use
of the stator volume. Multiple modulation of the magnetic flux requires a corresponding
increase in the magnetomotive force in the gap. This can be achieved by increasing the axial
length of the control coil while the outer diameter is preserved.

The step length of the movement of a regulating<eiement and, hence, the dimensions of
the tooth area are selected on the basis of the greatest admissible reactivity induced by
the displacement of the element by one step [5].

When drive means with linear stepper motors are employed, conditions favorable for
experiments in neutron physics are created because the induced reactivity can be determined

with greater precision while the step movement.of.the regulating.element is conserved; the

use of computer technology is facilitated because in the discrete displacement of elements,
the required information can be directly outputted in binary code.

The drive means (Fig. 1) comprise a linear stepper motor 4, a linear position sensor 3,
regulating elements (not shown), clamping means 6, a damper 5, and flexible current leads
2 with plug-type connectors 1.

The linear stepper motor (Fig. 2) comprises housing 3 with control coils 5 of the
four phases of the linear stepper motor mounted on the outer surface of the housing. Each
phase of the linear stepper motor includes one control winding which is formed by one or
several cylindrical coils. The pole pieces of the stator with the tooth region are inside
the housing; the tooth region consists of alternating sleeves 1 and 2 of ferromagnetic and
nonmagnetic steel. The tooth division of the stator is defined as T = a + ¢, where a and
¢ denote the width of the sleeves of ferromagnetic and nonmagnetic material, respectively.
The teeth of the stator of each of the phases of the linear stepper motor are offset rela-
tive to each other by nt % 1/4, where n denotes a positive integer. Armature 7 of the
linear stepper motor with thetooth region formed by a set of alternating sleeves 4 and 6
of ferromagnetic and nonmagnetic steel in analogy to sleeves 1 and 2 of the stator is
mounted inside the stator. Armature 7 is flexible to compensate for possible twisting of
the stator and the armature, which could influence the performance of the linear stepper
motor., - '

A permanent magnet 3 of the linear position sensor of the regulating element is
mounted on the upper end of armature 5 (Fig. 3); a cut 1 under a bayonette joint is provided
for removing armature 5 from stator 6. Inductive coils 2 of the sensor are mounted on hous-
ing 4 of the linear stepper motor; a signal indicating the position of the regulating ele-
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Fig. 6. Arrangement of the drive means of the controll-
ing and shielding system on the VVR-Ts research reactor:
1) drive means; 2) core.

ment is formed in those coils inside the field of permanent magnet 3. In addition, an indi-
cation of the movement of the regulating element in each step within the limits of the dis-
tance between neighboring induction coils 2 has been provided.

A collet clamp is attached to the lower end of the armature for engaging and disengag-
ing the regulating element with the armature.

A damper is provided for absorbing the kinetic energy of the moving components of the
drive means and of the regulating element.

SPECIFICATION DATA OF THE DRIVE MEANS

Step length (mm) of the armature per control pulse

2.5
Velocity (mm/sec) of the movement of the regulating element <30
Time (sec) of introducing the regulating element into the
core by an emergency-shielding signal <1

Operational path length (mm) of the regulating element 600
Traction force (N) 100
Maximum diameter (mm) of the drive means 60
Length (mm) of the fixed parts of the drive means 2265
Total length (mm) of the drive means 3500
Medium for the operation of the drive means water
Water temperature (°K) up to 333
Water pressure (MPa) ' 0.098
Supply voltage (V) of the drive means:

in braking operation 24

in shifting operation ' 60
Duration (msec) of a controlling pulse in shifting operation 60
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A test version of the drive means was subjected to comprehensive tests (work-out of

the individual components, investigation of the static and dynamic characteristics, thermal
conditions, and safe life tests); for the test sample a controlling circuit of the linear
stepper motor and other means was selected (Figs. 4 and 5). The tests have shown that the
drive means are operative and that its performance corresponds to the particular require-
ments.,

The design and the dimensions of the drive means make it possible to mount. the drive on
the reactor without covering the channels (Fig. 6); the flexible current leads can easily be
put aside and the area above the core can be made free so that experimental work and reload-
ing operations are not interferred with.

When some modifications are made without changing the basic design of the drive means, .
the drive can be used in research reac¢tors with pressurized water.

An important advantage of the drive with the linear stepper motor results from the
possibility of mounting the drive under the core. 1In this case the space above the core
becomes fully free and experimental work and reloading operations are considerably 81mpli—
fied.

The scientific research work and the design tests resulted in the construction of a
test sample of the drive for the controlling and shielding system. An analysis of test re-
sults of this drive shows that the new design is promising for research reactors. The in-
vestigations have helped to establish the main guidelines for a unified design of drive means
with linear stepper motors. The most important points relate to the analysis of the avail-
able designs of the drive means of controlling and shielding systems built with elements of.
the same type; to the selection of the parameters of each type; to the construction .of a sys~
tem of automatic designing a unified series of drive means for controlling and shielding sys-
tems in research reactors; to the manufacture of the drive means; to testing and checking .
under operational condltions, and to equipping research reactors w1th these drive means.
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INFLUENCE OF BURNING-OUT GRAPHITE IMPURITIES UPON THE PARAMETERS
OF THE RBMK~1000 REACTOR '

N. V. Isaev, I. F. Moiseev, UDC 621.039.532
E. M. Saprykin, V. E. Druzhinin,
and Yu. V. Shmonin

A correct calculation of the technicoeconomic parameters of a reactor requires knowledge
of the true values of such parameters as the densities of the fuel, the coolant, and the
graphite; the mass of the steel in each channel for applications; the thickness of the fuel-
element casing, etc. Changes in the nuclear-physics properties of -the graphite must be taken
into account during the operation of the RBMK-1000 reactor. The influence of deviations of
various specification parameters upon the technicoeconmic parameters of the RBMK-1000 reactor
‘have been studied in detail in [l]. We evaluate in the present work how a change in the
nuclear-physics properties of reactor graphite due to burnout of graphite impurities affects
the characteristics of the RBMK-1000 reactor.

Impurities cannot be fully removed from reactor graphite during its production [2]. The
impurities comprise absorbers which burnout and other absorbers which do not burnout. The
ash content of reactor graphite usually amounts to a few thousandths of a percent. The typi-
cal composition of reactor~graphite impurities (B, Ca, Fe, Hz, Mn, Ti, V, and rare-earth ele~
ments) has been listed in [2]. Nitrogen which fills the pores in graphie is also a noxious
admixture. The impurity composition in reactor graphite is monitored hv the manufacturing
plant. The total microscopic absorption cross section of reactor graphite is 4.2 mb (1 b =
10~%® m?). it is usually assumed in calculations of neutron physics that the microscopic
absorption cross section of graphite is constant during the entireoperational period of the
reactor,

Figure 1 illustrates on a log scale the contribution of the various ash impurities to
the effective absorption cross section of graphite when the impurities burn out during the
operation of the RBMK reactor. The calculated curve (dashed line) was obtained for an aver-
age density of 8°10'% cm™?‘sec of thermal neutrons in graphite. The curve illustrates the
dependence of the total effective microscopic absorption cross section of graphite impurities
upon the time t of reactor operation: .

i i)
&L‘np(t) = 2 0-(01 0i (1)/pc 1)
: j .- )
where oél)denotes the absorption cross section of the impurities contained in reactor graph-

ite; p4(t), change in the nuclear demsity of the impurities in the course of time;j and pg,
nuclear density of graphite.

The total effective microscopic absorption cross section of reactor graphite changes
as follows (see Fig, 2):
-eff ; im 2)
0ty =0 +ag T (1), ¢ '
where GC(C) = 3.2 mb denotes the absorption cross section of carbon. Calculations show that !
after about 360 effective days of reactor operation, the 0€''(t) value changed from 4.2 to
3.24 mb, i.e., a radiation-induced purification of the reactor graphite from burning-out
impurities is taking place. Calculations of the neutron-physical characteristics of a cell
of the RBMK-1000 reactor were made with the VRM program for three types of reactor graphite;
the absorption cross sections corresponding to curves 1, 2, and 3 of Fig. 2 were used.

Calculations have shown that the macroscopic cross sectinn of a reactor cell coincides
with the corresponding values of pure reactor graphite with oc = 3.24 mb for a thermal group
Z; of neutrons, once the degree of fuel burn-out E > 12.0 MW:days/kg uranium has been
reached (macroscopic cross section calculated for oeff(t) Fig. 3). The maximum difference
‘of 1] amounts to 1.2% for graphite with o¢c = 4.2 mb and G%ff(t).

- Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 250-252, October, 1985. Original
article submitted March 6, 1985.
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Fig. 2. Calculated dependence og(t) of reactor graphite
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graphite"), and 3.2 (carbon) mb, respectively; ---) o% .

The multiplication coefficient k, of the neutrons in the reactor cell practically fully
coincides with the values obtained for og = 3.24 mb-(Fig. 4) when 08 (t) is used for E >
7 MW-days/kg.

In order to evaluate the influence of a change in the absorption cross section of reac-
tor graphite uponthe technicoeconomic parameters of the RBMK reactor, the REF-W program of
[3] was used in the transition period of fuel loading work. A standard initial load com-
prising 1384 fuel elements, 234 additional absorbers, and 43 unloaded channels with a water
column were assumed in the calculations. During reactor operation in the transition period,
reloading of channels was considered by replacing additional absorbers (or the water column)
by a fresh fuel element up to full unloading of the additional absorbers; after that, the
burnt-out fuel elements were exchanged against new ones.

Calculations of the change of the average degree EUDnl(t) of the burnout of the fuel un-
loaded from the reactor in a transition have shown that when the burnout of impurities is
taken into account in o f(t) (Fig. 5), the calculated EYnl(t) values are greater than those
obtained in the version with a constant o¢c = 4.2 mb. In the time period with t < 1600 eff.
days, these Eunl(t) values differ only slightly untll the fuel elements o fthe initial lot are
unloaded. In stationary operation of the reactor, the burnout of the graphite impurities in-
creases the degree of burnout of unloaded fuel by about 4.7% in comparison with the calculated
value which was obtained without considering the burnout of impurities.

The reloading intervals R(t) of the reactor depend upon the time af its operation (Fig.
6). The burnout of the impurities reduces R(t) in stationary operation by about 4.4% in com-

" parison with the calculated values which were obtained with the burnout being disregarded.

The shift of the curves in Fig. 6 results from changes in the time at which the unloading of
additional absorbers from the reactor was terminated.

A detailed consideration of the burnout of impurities in reactor graphite has shown that
the burnout reduces the calculated consumption of fuel elements in reactor recharging in the
transitional mode of operation and in the stationary mode of operation. The results of cal-

‘culations of the decrease in the number of fuel elements per annual reactor recharging and

of the increase in the degree of burnout of the removed fuel are listed in Table 1. Calcula-
tions show that when the absorption corss section c% (t) of graphite changes relative to
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oc = 4.2 mb, the fuel consumption in reactor make-up is reduced by 16 fresh fuel elements
per year and the dgree of burnout of the unloaded fuel is increased by 0.95 MW-days/kg.

Taking into account the change in O%ff(t) implies a correction of the effective coef-
ficient ko¢f of neutron multiplication in the reactor. The practice of calculating real cri-
tical reactor states involved the BOKR-BIS program [4] and has shown that in the initial
period, after the start-up of the reactor, theAkCalc value is close to 1 and thereafter, the
difference increases sharply and reaches (0.5—1.6%;. We may assume that one of the systema-
tic errors of the computational model originates from disregarding the burn-out of absorbers
in graphite. When the real burnout of impurities in reactor graphite is taken into account,
an increased k¢2l¢ value is obtained with the BOKR-BIS program. The difference between the
calculated kegf value and the critical value in the transition period is reduced to %(0.1-
0.4)%. TFor example, a calculation made with the BOKR-BIS program for the critical state of
the reactor of the first block of the Smolensk Atomic Power Station on December 12, 1984,
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' TABLE 1. Change in the Reactor Parameters

Time (years) from the start of

reactor operation
Parameter

123 {4}s5 6| 7[81 910

‘Decrease inthe o . .
number of fuel 112} 56 7 5 12 { 25 1% 13 | 16
elements
Increase in W1 |_ | _ 0,39(0, 16(0,20(0,73|1, 58]0, 36{0,80[0, 95
(MW - days/kg
wranium)

renders the following values: Keff '0.99243 (when the burnout of the impurities is dis-
regarded) and keff = 1.00327 (when the burnout of the impurities is taken into account).

It was known earlier that the calculations of the RBMK-~1000 reactor are not free of
systematic errors. The authors of [5] have corrected the energy output Ej of the fuel in
their attempts to reduce the difference between the channel outputs obtained by calculations
with the BOKR-BIS program and the channel outputs determined with the central monitoring sys-
tem "Skala;" the authors of [5] tried to reduce the difference by correcting the energy E:
released from the fuel. It was shown that coinciding output values of the channels make it
necessary to correct within 57 limits the E: value calculated in the central monitoring sys-
tem; this involves mianly on increase in E;. But the authors of [5] have not given a pro-
per explanation of the reasons for the discrepancies resulting from the calculations of the
output and the energy liberation. Calculations of Eunl(t) show (see Fig. 5) that the ceff(¢)
values are corrected when changes in the absorption of graphite are brought into account.

The corrections of the E; values are within the regulation range indicated in [5], can be
clearly explained in terms of physics, and help to increase the accuracy of neutron-physical
calculations.

Owing to the high nuclear density of graphite and the large capture cross section of
the burning-out absorbing impurities, the thousandths-of-a-percent components importantly in-
fluence the precision of neutron-physical calculations and the parameters:of the RBMK-1000
reactor. A change in the composition of impurities in the reactor graphite by burnout im-
plies a change in the macroscopic absorption cross section for thermal neutrons by about 1.2%
in an RBMK-1000 cell. This change is the reason for the systematic error in the earlier cal-
culations in which the burnout of impurities was disregarded. By taking into account the

. burnout which occurs during the operation of the RBMK-1000, the performance parameters of the

RBMK-1000 reactor is actually higher by 4.7%, the recharging periods are reduced by 4.4%, and .

the fuel consumption is smaller by 4.4% in comparison with the previously accepted calculated
values.
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LOCAL DISTRIBUTION OF THE COOLANT FLOW RATE IN FUEL
ASSEMBLIES WITH A BLOCKED FLOW-THROUGH SECTION

L. Sabotinov, I. Iordanov, - UDC 621.039.5
N. Antonov, K. Popesku, :
and A. Buzhor

One of the basic methods of thermohydraulic analysis of fuel assemblies in nuclear
reactors is the method of lumped parameters. In this method the total throughput cross sec-
tion is divided into subchannels, for which the average values of the thermohydraulic parame-
ters of the coolant are calculated. The equations of conservation of momentum in the axial
and transverse directions are written down separately, which simplifies the equation of con-
servation of momentum in the transverse direction. The RAPREF program for fast analysis
of the thermohydraulic processes in arrays of fuel elements was developed based on this
method [1, 2].

TRANSPORT PROCESSES BETWEEN SUBCHANNELS

The geometrical structure of the fuel assembly and the parameters of the process deter-
mine the nonuniform distribution of the coolant flow rate in the subchannels. The change in
the circular velocity around the fuel cell, the unequal pressure losses, and the change in
the throughput cross section owing to the spiral winding determine the transport processes
occurring between subchannels. These processes depend on the structure of the fuel-element
array and on the flow conditions [3]. '

The model on which the RAPREF program is based took into account the following transport
processes [4]: turbulent transport, transverse heat conduction, and forced mixing.

Turbulent transport is the resultant force of turbulent diffusion between neighboring
subchannels and does not cause redistribution of the coolant flow rate. The transverse flow
rate of the coolant accompanying turbulent transport is determined by the formula

Mg,z =i, oA =g DEERRL Sy, (1)

where cr is the coefficient of mixing; mjj, T, transverse turbulent flow rate of the coolant
per unit lenght; m., axial flow rate of tﬂe coolant; A,, axial throughput cross section; S,
width of the throughput cross section at the boundary between subchannels; and Az, axial dis-
tance over which the interaction of the diffusion processes is evaluated. The coefficient of
mixing is determined by the following dependences:

¢y = const; » (2)

¢, = const Reconst-1; ’ (3)
¢, =const Reconst-1 Dg/S; : @)
¢p = const Reconst-1Dp/z;;, (5) '

where Re is Reynolds number; Dg is the average hydraulic diameter of the interacting sub-
channels 1 and j; zyj is the distance between the centers of the subchannels. For sodium-
cooled fuel assemblies const = 0.002-0,005 and const-1 = 0.2.

Transverse Heat Conduction between Subchannels Determined by the Thermal Conductivity
of Sodium. The heat flux owing to the conduction between two neighboring subchannels is
determined by the relation ' '

Agije=F.K(T:—T)), | (6)

) Institute of Nuclear Research and Nuclear Power, Bulgarian Academy of Sciences. Insti-
tute of Nuclear Power Reactors, Socialist Republic of Rumania. Translated from Atomnaya
Energiva, Vol. 59, No. 4, pp. 253-258, October, 1985. Original article submitted December
10, 1984,
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Fig. 1. Fuel assembly with seven rods and 18 sub-
channels: 1, 3, 5, 7, 9, 11) lateral subchannel;
2, 4, 6, 8, 10, 12) corner subchannels; 13, 14, 15-
18) central subchannels.

where Fg is the shape factor; K, average thermal conductivity in subchannels i and j; and
T; and T4, temperatures in the two subchannels.

The following expressions can be used for the shape factor:

F.=1.38 (S/DF)o.su; -
Fo=8k,/z,, '. .

where Dy is the outer diameter of the fuel element; Kg is a geometric factor whose values

are determined by the type of interacting subchannels (central-central, central—lateral,
lateral-corner). The average value recommended for the interaction of two central subchannels.
is 1.5.

Forced mixing is brought about by the peculiarities of the spiral winding, which are
responsible for the predominant flow of liquid in a definite direction. The spiral winding
substantially changes the velocity field and produces the following effects:

— increases the level of turbulence and, turbulent transport, which is described by Eq.
(1), in which &7 is given in the input data, depending on the type of interacting subchannel;
and

— orients the motion of the coolant between neighboring subchannels, in a direction de-
termined by the direction of the spiral winding and its pitch:

M p=m; Az= _;"KDS (i +05) Dzwy. (9)

Here Kp is a coefficient with different values depending on the type of interacting sub-
channels, having the same distribution as cr; p is the density of the coolant; and, wij is
the velocity of the directed overflow. : '

The value of wjj depends on the average axial velocity and on the tangent'angle € between
the main orientation of the throughput section and the local direction of winding:

wy;= TABn B_I%%_ﬂ, » : (10)

where TAB = wij/(ﬁ tan 0) and is inserted into the input data for axial and radial configura-
tions and subchannels; and Py, Dy are the pitch and diameter of the winding.

The axial motion of the spiral winding changes the throughput section and leads, in its
turn, to important effects. The indicated transport processes are included in the conserva-
tion equations describing the thermohydraulic parameters of the sodium coolant at ‘each ‘point.
To complete the description of the characteristics of the fuel assembly the conservation
equations for the coolant are supplemented by an equation of heat conduction in the fuel,
which describes the distribution of the temperature field in the fuel elements.

CONSERVATION EQUATIONS FOR THE COOLANT

In deriving the conservation equations, a rectangular control volume is studied. Here
the change in the throughput section in the axial direction with a constant flow rate in the
transverse direction is taken into account. '
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‘where mj j
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Axial distribution of the coolant
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1) subchannel 17; 2)

) B N
(mz L Z

channels and z is the axial direction of the flow.

is the transverse flow rate of the coolant per unit length in

(11)

neighboring sub-

Relation (11) is used in the RAPREF program at each axial level L + 1 in the form
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Fig. 3. Axial distribution of the coolant flow rate
in the subchannel 17 with the blocking ratio R = 1
(1), 0.9 (2), 0.7 (3), 0.5 (4), 0.3 (5), 0.2 (6).

N
Moyl par =Myl — D) (Mij, p+miy, p) Az (12)

=t

(m; s is the transverse flow rate of the coolant per unit length owing to the difference
ij, P
in the pressure between the subchannels).

Equation of Conservation of Energy

1w S — — Y (13)
'ZTZ_,?}':IZ [K—E(T,-—Ti) +(mij+mij.wclil) (fo; — +q" —

where h is the enthalpy; q"', density of the power; q&, linear heat loss by the fuel assembly
walls; A4, area of the transverse cross section of the fuel assembly walls; xi, direction.
transverse to the direction z, to which the values of the velocity and the area Ay correspond;
and, Cij’ flow rate of the mixed turbulent flow. The coefficient Ci expresses the differ-
ence between the transverse turbulent transport of energy and momentum.

. In the program the relation (13) is written in the following discrete form:.

ok IL+1—h ]L—f-{AzZ I_KF (ry—r )—I'-;—X
J—

X (= Imigl) (he—hg) + amy o (b — b ], +

. + AZZ”- (qlzl

Lhira —ﬁf""‘ll{,,) }’”‘u"w’ | | (14)

‘where §, is a parameter which assumes the value 1 for subchannels adjacent to the fuel assem-
bly walls and the value 0 for other subchannels.

Since the values of mij, T and Cij cannot be obtained with the help of measurements,
their sum was replaced by the product aimij, T» where the constant a, .is close to 1.

Equation of Conservation of Momentum in the Axial Direction

) __ N _ . _ _ . 2 K iy .
a’;ﬂ’=21 [my w* — (e + myy, o) (W, —wy)] ng—.(%) [2—;)‘—,—+ 25{32 +(-/-:i) % (i')_ﬁ%z ?;:Z ], (15)
J: .

where p is the pressure of the liquid; w*, relative velocity, which can be defined as the
velocity in the donor subchannel, the velocity in the acceptor-subchannel, or as their com-

bination; w, axial velocity; g, acceleration of gravity; f, friction coefficient; D, hydraulic
equivalent diameter; and K, local pressure-drop factor.
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TABLE 1. Radial Temperature Field at the Outlet from the Fuel Assembly for Different

Values of Rp

Subchannels
By,
1 2 3 4 5 6 7 8 9
0 351,10 369,41 339,72 367,72 345,73 368,00 338,00 367,00 345,27
0,1 351,13 368,99 339,73 367,61 | 345,72 367,99 338,24 367,02 345,28
0,3 351,06 368, 64 339,52 366,75 345,53 | 366,75 338,29 365,92 345,67
0,5 351,19 367,59 339,56 366,34 345,85 -366,32 338,32 366,14 | 346,92
0,7 351,22 367,69 339,67 366,52 345,81 366,42 338,70 367,46 350,16
0,8 351,26 367,70 339,68 366,53 345,86 366,44 339,09 368,40 353,27 |
Subchannels
Ry
10 11 12 13 14 15 16 17 18
0 350,41 342,95 352,26 402,16 402,11 399,18 380,81 399,61 392,13
0,1 350,29 342,97 351,37 401,58 402,55 309,22 380,63 400,03 391,96
0,3 350,47 343,06 352,24 401,96 400,97 399,64 382,28 405,97 393,82
0,5 350,34 343,12 351,21 402,32 401,77 400,62 383,75 420,77 395,32 ;
0,7 351,59 343,44 351,27 403,12 402,52 401,41 389,27 453,22 400,34 '
0,8 352,61 343,79 351,32 404,04 402,63 402,04 394,61 479,25 405,57

Equation (15) is used in the program in each axial step in the form

N —
Pilo+1==PclLAr+ 2 {Im;; (1.5w; —0Dw;) — My~ (w; — w;)] Arl/A, ;} Az — AzgApA,; (p;|L+
i=1

iy w)ral® [ F1 Au Lir i Le1
il o)V24, |y — Mg el [T gy BT A A (= 40)]s ey

where-

Fi—_—_—li)—AZ—*—Ki,z; |
Ag=A; 1+i/As L N

Equation of Conservation of Momentum in the Transverse Direction -

To-derive the equation of conservation of momentum in the transverse direction we shall .
study two neighboring subchannels. We write the equation in the general form

apUpAp , pUpwAy 5 _ ap . a7
azy 'Axk-i*-——a;_Az— '—Aum-i-]'xh, A

(Fxk is the surface force in the transverse direction).

Equating the values of the terms we obtain
ap ) (18) v

Ak-a;;'—:l’xk- ;

The surface force in the transverse direction is related to the coefficient of resis-
tance k in the transverse section by the relation |
(19):

"

P Kmilmiy

xj = 20S?Az;
The equation of conservation of the transverse momentum was used in the program in eachi
axial segment Az in the form '
(20)

200 LAPi—P)) gep,
myjlmy;| = L LI §2AZ2,
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Fig. 4. Dependence of the blocking éection on the
local pressure drop factor: 1) Dg/D; = f(R ) 2)
Ds/D; = f(K) - Rb = 0 5 3) Dg/D; f(K) - Rb = l.

The pressure drop is the boundary condition used in the program. The values of the
temperature, pressure, and input density of the coolant are assumed to be known for all sub-
channels.,

To obtain the condition of uniform pressure at the outlet the velocities of the coolant
at the inlet for all subchannels are determined by iteration. The parameters of the coolant
in all subchannels are determined at the same time with the help of the equations describing
the state of the coolant in successive axial sections, beginning at the inlet. ‘

The velocities at the inlet are first assumed to be known and are then determined by the
method of iteration. The transverse flow rates are calculated based on the properties of the
coolant at the inlet to each axial segment. Knowing the transverse flow rates of the coolant
in one segment and the heat flux it is possible to determine the enthalpy, the density, the
pressure drop, and thevelocity at the outlet from the segment. To take into account the
effect of the local pressure loss on the properties of the coolant the method of iteration
is applied to each axial segment.

EVALUATION OF THE EFFECTS ACCOMPANYING LOCAL BLOCKING
OF THE THROUGHPUT SECTION

During operation the structure of the rod bundle can deviate from the nominal structure
because of local changes brough about by the block ing of the throughput cross section. For
rod assemblies with a partially blocked throughput section the redistribution of the coolant
flow between subchannels, which changes the temperature field, depends on a number of factors
{3, 53:

— the blocking ratio Ry, defined as the ratio . of the cross section of the blocked zone .
‘to the nominal throughput section of the subchannel.

— change in the physical properties of sodium as a function of the temperature;
— the local pressure drop factor for the blocked zone [K in Eq. (15)]; and,
— the coefficient of resistance in the transverse throughput section [k in Eq. (19)].

The RAPREF program enables carrying out only an analysis of partial blocking of the
throughput section of one subchannel up to a minimum value Ry = 0.16-0.15. To estimate the
effects accompanying local blocking of the throughput section, a calculation was performed
for an array consisting of seven fuel cells with the following characteristics:

Total .axial length, mm - 710
Outer diameter of the fuel cell, mm 6.8
Outer diameter of the fuel cell

tablet, mm 6.0
Thermal resistance of the fuel jacket,

m?-C/W 1.76-10~*
Step between fuel elements, mm 8.3
Distance from the lateral fuel cells ,

to the wall of the fuel assembly, mm 1.5
Local Pressure drop (at the inlet and

- outlet from the fuel assembly) 0
Total flow rate of the coolant in the
fuel assembly, kg/sec 1.24

809

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1

sure Loss Factor K in the Blocking Zones of
Subchannel 17 with Ry = 0.5

Charac- K

teristic 0 1 5 10 '
Dl,kg/sec 0,04385 | 0,03844 | 0,03075 |0,02562 | 0,02322
Te, °C 420,77 432,13 444,60 | 457,55 461,48
Dy/D, 0,806 | 0,864 | 0,809 | 0,758 | 0,727

Note. T,) temperature at the outlet from the
subchannel; Dg) axial flow rate of the coolant
in the blocking section; D;) flow rate of the
cooclant at the outlet in the subchannel.

The axial and radial distribution of the heat liberation is uniform.. .- ... ..

Seventeen axial sections with the following markers (in mm) were used in the calcula-
tion: 0-76—-152-216~267—318-368—406—419—432—444—470—-508-559—610—660—710. The calculations
were performed for zero and linear (200 W/cm) heat fluxes at a temperature of 300°C at the
inlet. The calculation was also performed for fuel elements without spiral winding. Figure
1 shows a diagram consisting of 18 working subchannels. The parameters in subchannel 17 and
in the axial section 8 (406 mm) were analzyed.

RESULTS

Change in the Blocking Ratio. In order to clarify the effects caused exclusively by a
change in the value of the blocking ratio, in the analysis we ignored effects arising from
turbulent tranposrt between subchannels (we correspondingly used the constants at the out- -
let) as well as effects arising from the temperature dependence of the properties of the
materials (we assumed that the heat flux was equal to zero).

We assumed that the throughput cross section of subchannel 17 in axial section 8 was
equal to 90, 70, 50, 30, and 20% of the nominal value; the value of the blocking ratio Ry iy
was equal to 0.9, 0.7, 0.5, 0.3, and 0.2, respectively. '

The coefficient of resistance in the transverse direction (0.5), the local pressure drop
factors at the inlet and outlet from the fuel assembly (equal to zero), and the geometrical
factor for the transverse conductivity remained constant in all cases. The local pressure
loss factor in' the blocking zone was assumed to be equal to zero.

The results obtained for the axial distribution of the coolant flow rate are presented
in Figs. 2 and 3. 1In addition:to the subchannel 17, the figures also show the subchannels
with which they directly interact. The change in the blocking ratio leads to the following
effects.

1. Change in the axial distribution of the coolant flow rate. For Ry = 1 the axial
flow rate of the coolant remains practically constant in subchannel 17 as well in sub-
channels 9, 16, and 18. When the value of ry is lowered, the coolant flow rate in subchannel
17 in the section before the blocking zone decreases slowly, and in the blocking zone itself
it decreases substantially, after which it increases along the channel, approaching its
starting value. The lower the value of Rp, the larger this effect is. Thus for Ry = 0.7 the
coolant flow rate in the blocking zone decreases by 107 relative to the value at the inlet,
reaching 84,.5% for Rp = 0.2. The axial flow rate inneighboring subchannels 9, 16, and 18
increases slowly on the section up to the blocking zone as Ry decreases, it is maximum in
the blocking zone, and then it decreases slowly up to the starting values.

2. Change in the distribution of the coolant flow rate at the inlet. As the value of
Rp is lowered, the absolute value of the coolant flow rate in subchannel 17 decreases. When
the blocking ratio changes from 1 to 0.2 the coolant flow rate at the inlet decreases from
0.0577 kg/sec to 0.0216 kg/sec, i.e., to 37.4% of the starting value. The combined action
- of these two effects lowers the axial flow rate of the coolant in the blocking zone by 94.2%
* when Ry is lowered from 10 to 0.2.
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3. Pressure drop in the blocking zonme, whlch SubSTantlally LnCreases Whnen iy is
lowered. The following values of Ap between the levels 7 and 9 in bar (1 bar = 10 Pa) were
obtained for Ry = 1, 0.9, 0.7, 0.5, 0.3, and 0.2: 0.036; 0.042; 0.095; 0.252; 0.447, 0.476,
respectively.

Change in the Heat Flux., The effect of a nonzero heat flux can be studied from two
viewpoints:

a) its effect on the change in the axial ‘distribution of the coolant flow rate at the
inlet into a subchannel and the pressure drop ‘in the blocking zone owing to a change in the
properties of the liquid as a function of the temperature can be studied for the same value
of the blocking ratio.

For the conditions of subchannel 9, with a coefficient of resistance in the transverse
direction equal to 10% and Ry, = 0.5, the results of the calculations show that or change in
the heat flux from 0 to 200 W/cm, raising the temperature at the outlet in subchannel 17 from
300°C to 420.77°C, does not appreciably affect the axial distribution of the coolant flow
rate as well as its flow rate at the inlet to the subchannel and the pressure drop in the
blocking zone. The ratio of the coolant flow rate in section 8 to the coolant flow rate at
the inlet to the subchannel changes by less than 1%. The local drop in the pressure Ap;
changes approximately by 1%. The coolant flow rate at the inlet to the subchannel changes by
less than 1%.

b) The change in the radial temperature field at the outlet from the fuel assembly can
be studied. It follows from Table 1 that when Ry is lowered from 1 to 0.2, the temperature
in subchannel 17 changes most (from 400°C to approximately 480°C).

Change in the Local Pressure Drop Factor in the Blocking Zone. The effect of the local
pressure drop in the blocking zone, which affects the equation of conservation of momentum
in the axial direction, was evaluated in the range 0-15 when the cross section decreased by
50%. An increase in the local pressure drop factor in the blocking zone produces the same
qualitative effects in the axial distribution of the coolant flow rate and the distribution
of the coolant flow rate at the inlet to the subchannel as does a change of the blocking-
ratio, but with a different "weight' (Table 2). Under conditions for which K = 0 and Ry =
0.9; 0.7; 0.5; 0.3; 0.2, the following values of Dg/D, where obtained: 0.9913; 0.9514;
0.8906; 0.7783; 0.6466, respectively.

It follows from Fig. 4 that the decrease in the cross section can be imitated exclusively
by a change in the local pressure drop factor (a technique used in the COBRA programs) in
- the blocking zone.

Effect of the Coefficient of Resistance in the Transverse Direction. An increase in" the
coefficient of resistance in the transverse direction decreases the coolant flow rate at*tk
inlet to the subchannel, the ratio of the coolant flow. rate in the blocking zone to the €6
ant flow rate at the inlet, and the pressure drop. Thus increasing the coefficient of resis-
tance in the transverse direction from 0.5 to 10° for R, = 0.5 lowers the coolant flow rate
at the inlet in subchannel 17 by 7.67% (0.0439/0.475) and lowers the ratio of the coolant
flow rate in the blocking zone to the coolant flow rate at the inlet from 0.867 to 0.595,
and the pressure drop decreases from 0.251 to 0.241l bar.

MAIN RESULTS

When the throughput section is blocked, the change in the blocking parameters gives_;
rise to the following important effects. .

A drop in the blocklng ratio lowers the axial coolant flow rate in the block zone,. .. .
lowers the coolant flow rate at the inlet into the zone, and increases the pressure drop in
the zone.

A change in the intensity of the heat source does not affect the local coelant. flow
rate in the blocked zone or the flow rate at the inlet to the subchannel or the local pres-
sure drop, but it substantially increases the temperature at the outlet from the blocked
subchannel, proportionally to the decrease in the blocking ratio. .

An increase in the local pressure drop factor in the blocked zone produces the same
qualitative effects as a decrease in the blocking ratio, but only when Ry > 0. 35-0 40.
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USE OF SAMPLE RECOGNITION METHODS FOR DETECTING CURRENTS
IN STEAM GENERATORS

V. V. Golushko, V. S, Dunaev, UDC 62-506:621.391.193
and A. B. Muralev

The operational detection of currents in steam generators working with sodium, the
water of fast reactors, is an important problem. Acoustic detection is one of the promising
and almost inertialess methods. When acoustic sensors are employed, the signals are usually
nonstationary, random signals at.the moment of flow initiation and are almost stationary sig-
nals when the background is recorded.  Investigations of these processes make it possible to
develop an algorithm for the detection of flow signals (which below will be termed "the
effect") on the background of acoustic noise generated by the steam generator im its opera-
tion. The final goal of the investigations is to create a rather simple and reliable instru-
ment, a flow detector. Therefore, when methods for the initial data evaluation are selected,
the complexity of the actual technical embodiment is taken into consideration by the develop-
. ment of a“deeision rule.

The present work reports on an attempt of employing the techniques of the theory of
sample recognition [1-3] in the analysis of signals obtained in an experiment in which cur-
rents were simulated by argon in a working module of a steam generator; the signals were
recorded on magnetic tape. Experiments were made in a 24 MW PG-2 steam generator which was

‘mounted in a BOR-60 reactor and which is a model of the steam generator of a BN-600 unit.
The experiment and itsmain results have been described in (4]. The experimental data, for
which a processing algorithm is described in the present paper, were obtained from an acoustic
waveguide-type sensor mounted in the upper part of the overheater. The distance from the
sensor to the point of argon injection into sodium was 1.2 m; the argon consumption was 0.3
g/sec. The sensor was mounted so that the developing gas bubbles did not shield it.

The magnetic tape recordings of the signals obtained from the acoustic sensor were pro-
cessed with a special unit [5, 6] which allows the operational calculation of energy spectra.
Sixty samples were evaluated for the background and for the sum of effect + background with
20,000 values of the initial process in each of the samples. The samples formed an instruct-
ing sequence. The spectra were analyzed in an 80 kHz frequency band. Further, the spectra
were processed -on a computer with especially developed programs.

REQUIREMENTS TO THE PROCESSING ALGORITHMS

The selection of the processing algorithms is associated with the requirements of flow
detection. The main requirements are as follows: - '

S

— high stability against noise, 'i.e., 'a low-probability of spurious response (spurious
alarm); ' e R - _ o "

Translated from Atomnaya Energiya, Vol. 59,.No.V4,-p§, 258#261, October,“l985. . Original
article submitted August 6, 1984. ' T LT

812 0038-531X/85/5904-0812$09.50 © 1986 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 CIA-RDP10-02196R000300070004-1

g n
2r ¢
|
rJ

0’

N e
-
c

spectral density
S
N
I
=

Effect + background/ backgrou
-
N RN
T T | T
(e

e

70 20 Ja 40 50 60 Frequenc kHz
0 2 ] 6 4 70 72 Number of t eband
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3) ratio of effect + background to background.

— technical simplicity and a sufficiently high probability of flow detection (low pro-
bability of missing acurrent); and

— the time of detecting a current of 0.3 g/sec must not exceed a few seconds.

We derived on the basis of :these conditions the technical conditions under which the
number of frequency bands to be analyzed in the instrument to be built was reduced toc two;
it was assumed that the width of the filter resonance curves is 5 kHz. The probability of a
spurious alarm was preset as 10”° and that of omitting acurrent as 10~®. The possible spread
of the resonance frequency of the sensors was +5 kHz.

Algorithms for evaluating the data in the instrument must be as simple as possible for
reducing the required memory space and for increasing the response rate. Therefore, one
must study first of all the applicability of the algorithms of linear and piecewise linear
classifiers. The problem therefore implies the recognition of objects of a given number
of classes (background and sum of -effect + background), i.e., separating lines must be drawn
on the plane of the parameters selected (the two frequency bands providlng most of the 1nfor-
mation). ’

The algorithms of recognition must provide, as far as possible, an objective classifica-
tion. One must employ also that a priori information which is at the disposition of the
researcher, namely the form of the frequency spectra of effect + background, information on
the phy31cal processes which are associated with the generation and development of a current,
etc.

Figure 1 illustrates the form of the spectra of effect + background and of background
noise (spectra resulting from averaging over 15 samples); Figure 1 also illustrates the
ratio in dependence upon the frequency. Peaks which are typical for a resonance sensor appear
in the spectra. One also observes a tendency to an increase in the ratio with increasing fre- .
quency. The background noise of the steam generator develops from the interaction of turbu-
lent flow of liquid (sodium, water) and steam with the elements of the unit. This noise has
a broad frequency spectrum with a maximum which is usually situated at a few kilohertz. 'In
the simulation of the current, the outflow velocity of the gas stream is much greater (hun-
‘dreds of m/sec) than the flow velocity of the liquid and the steam in the steam generator.
Therefore, a relative increase in the spectral density must be observed at high frequencies
in the spectrum of the hackground + effect signal.

When two frequency bands are selected, one must recall that owing to their shifting in
the case of deviations of the resonance frequencies of the sensors (because the sensors are
not identical or are unstable) and in changes in the signal spectra generated by the current,
the positions of the classes will be shifted in parameter space. It is therefore necessary
to- study the influence of the shift upon the quality of the classification (recognitian);
the quality was in the present work assessed through the ratio of the minimum distance between
the limits of the separating lines along the straight line connecting the centers of gravity
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Fig. 2. Distribution of the objects (a) for a

divison without shifting; b) for a division with
shifiting; X,s;) average energy infrequency band

13; Xg) average energy in frequency band 9; and

X,s) average energy in frequency band 10.

of the classes to the standard deviation of the two-dimensional distributions for the objects
of the background.

The form of the spectra and their ratio point to at least two strongly different states
(classes) in the system. Frequency bands which provide information must be looked for in the
high~frequency range.

ALGORITHMS OF THE INSTRUCTING MODE

Taking into account the given width of the frequency characteristics of the filters, the
spectra were split into 16 neighboring bands of equal width (5 kHz); in each of these bands
the data were integrated and averaged over the number of components summed. The second ver-
sion of splitting served to verify the influence of the shift upon the quality of the classi-
fication. The splitting was performed with a 1-kHz shift to the right for part of the spec-
tra of the effect + background signals. The data obtained were again centered and normalized
in both cases. These procedures were performed for each frequency band on all available ob-
jects (60 spectra). Furthermore, the correlation matrix ||p (X, Xj)||, was calculated where
Xi and Xj denote the normalized and centered values of the i-th and j-th parameters. A sub-

matrix with the numbers from 9 to 16 was separated from the matrix in accordance with a priori

data on the effect + background/background ratio.

The method of correlation groups of [7] was employed to single out two groups of parame-
ters which were divided by the smallest correlation coefficient. The following groups were
obtained for the unshifted frequency separation (the half-dark figures represent the parame-
ters numbers, i.e., the frequency bands):

14 16 15 13 12 11 first group;
9 10 second group.
For the Separation with Shifting of the Spectra:

12 16 15 11 9 14 first group;

10 second group.

The parameter groups determined can be treated further for calculations factors and for con-
structing classifiers in the newly obtained factor space [7]. But this approach would com-
plicate the calculation procedure. Therefore, the correlation matrix was used to construct
a simple criterion for the determination of a pair of bands with the greatest information
content; after that, a piecewise-linear classificationwasmade. The selection criteria for
the parameter pair with the greatest information content was based upon the following con-
cepts:

— the higher the (effect + background)/baékground ratio the greater the probability
of obtaining a classification of good quality; '

— the probability of a spurious alarm and of missing a current increases with increas-
ing dispersion of the background, i.e., the quality of the classification becomes worse;
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— tne quailty or the classlrlcation wiil increase with increasing ratio of the average
value of the background; and

— the weaker the relation between the parameters (the smaller the correlation coeffic-
ient), the more objective properties of the system will be reflected.

Thus, the following criterion can be suggested:

Si57 (¥.b,)* (X, p )?
%.b%,€.b,%; '

K(X;, X)) =11—p(X;, X;)l

where

!Sizz_b‘/fb I szi:e’.b'//xbj; Xe. b :%Z X

denotes the average Value of the i-th parameter over n objects of the sum of effect and back-
ground; Xp; denotes the average value of the i-th parameter for n objects of the background;
and g, bi and opj denotes the corresponding standard deviations of the i-th parameter. A
similar notation was introduced for the j-th parameter. The maximum of the K(Xl, X3) value
must correspond to the selection of the parameter pair (i, j) providing a maximum of informa-
tion.

RESULTS OF THE CALCULATIONS

Calculations made with the criterion selected rendered the following results: in the
case of an unshifted division according to frequency bands: =13 and j = 9; in the case
of a shifted division: =13 and j = 10. The numbers i and j obtained for the parameters
are in both cases in different groups which were determined by the method of correlation
groups. This detail partly confirms that the parameter selection is correct.

Figure 2 illustrates the possible classification of objects for various forms of divi-
sion. It follows from the figure that as a results of the shifting, the effect + background
class is divided into two subclasses A and B and the quality index of the classification is
reduced, mainly because of the sharp increase in the dispersion of the parameter Xj;o. At the
same time, a change in the position of the objects of the effect + background class on the
parameter plane can be caused by changes in the operational conditions of the steam genera-
tor, the characteristics of the current or the parameters of the instrument. Information on
these changes can be used for improving the diagnostic capaeity of the instrument. But it
should be recalled that all this is associated with complications and an enhancement of the
time analysis. The dashed line of Fig. 2 indicates the position of the dividing straight
lines) the position was determined from the preset probabilities of a spurious alarm and of
missing a current. Such lines can be easily produced on a display screen without signifi-
cant time losses when simple programming is used. :

The results of the processing of the recordings of the experiments have shown that a
classification of objects in the form of effect + background and background is possible in
accordance with the suggested criterion. :
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DYNAMICS OF HEAT-TRANSFER DEGRADATION IN CHANNELS WITH THE BOTTOM
INLET SEALED

B. F. Balunov, E. L. Smirnov, UDC 621.039.536
and Yu. N. Ilyukhin

In different operational states iof power-generating equipment it is possible that in
a vertical heat-liberating channel water can stop flowing into the bottom of the channel.
At the same time, the water level can be located above the top of the channel. After some
finite time interval, required for heating all water present in the channel up to the satura-
tion temperature, the channel can be regarded as a steam-generating channel with the bottom
inlet sealed off. In such channels heat transfer is degraded when the balance between the
flow rates of the countermoving flows (rising steam flow G, and descending water flow G,) is
destroyed [1]. This breakdown of the equality G, = G, (toward increasing G. and decreasing
G,) can be viewed as a particular case of the hydrodynamic critical state of countermoving
gas—liquid flows (known in the literature as the phenomenon of''flooding" [2, 3]), determining
the maximum possible flow rate G, for a fixed flow rate Ga.

The hydrodynamical critical state appears in the section with maximum steam flow velo-
city wz = Ga/paFft, i.e., in the top section of the channel. When fluid enters the channel
from above (G; > 0) the sections with the hydvodynamic critical state and the state of de-
gradiation of heat transfer may not coincide and the time between these characteristic states
can be equal to tens of minutes.

We shall study a vertical cylindrical steam—-generating channel with a constant flow-
through cross section (Ffy) and a sealed inlet at the bottom (Fig. 1). At the moment that
the hydrodynamic critical state appears (Tt = 0), a steam-water mixture is present in the
channel. The:distribution of the true volume steam content over the height of the chanmnel

"is found from the well~known working dependences for bubbling:

@o=1 (p, W), 1
where
1 ¢ dN
Wy = g(d_z) dz. (2)

The maximum value of w, occurs in the heated section of the channel at the top (z = 0); it is
this section that must be regarded as being critical in the hydrodynamic sense.

For countermoving steamwater flows:-with steamwater flows with steam velocities ex-
ceeding the values corresponding to the condition of "free-fall" of water drops [4]

Km0V o744
2 Vog (pr—p2)

only an annular flow state (descending water films at the wall and ascending steam core) is
possible. Experiments have shown that the particular case of the hydrodynamic critical

state (G, > G,) in the top section of the channel studied here is characterized by the values
K, = 0.8~2.2, Therefore, an annular flow state exists in this section. The film motion of
practically all water entering at the top along the channel walls also extends into the
‘lower part of the channel. At the same time the heat-liberating surface of the channel is
cooled in the normal manner by the evaporation of the descending film of fluid up to the
formation of stable discontinuities in it, whose appearance is character1zed by .a deflnite

. trickling density:

. Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 261-264, October, 1985. Original
article submitted November 5, 1984, s
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Fig. 1. Diagram of a vertical steam~generating channel
with a sealed inlet at the bottom.

11 G d Gd
m " nd

The distance between the hydrodynamically critical section and the section with degraded heat

transfer (z4) can be found from the condition

. z-sj
~Ger L | () ™

For a channel which is heated uniformly over its height (dN/dz) = N/L and the formula . (3)
assumes the form

G =G, + 2 (4)

(if Gg'= G,, then the degradation of heat transfer occurs in the heated section at the top of
the channel). The mass of water between the sections z = 0 and z = z4 in the film of des-
cending liquid o ' - - ' ' ’ ' ' '
2d zd
e Tp, ?\) 61“ilrgz= Fey py .§ (1_(pfi1m) dz

is much lower than the mass of water in the same section of the channel at the moment that
the hydrodynamic critical state appears (1t = 0):

zd
‘ mo:Fﬁpi g (1 — o) dz.
0

Thus, under the conditions of unbalance between the flow rate of the generated steam
and the water entering the channel at the top (G2 > G, > Gq), a definite degradation time
Tdeg is required for evaporation of the water located in the channel between the sections

0 and z = z4 outside the film on the wall: :

z,

d - _
my=Fg 0, K [(1— o) — wﬁlm)] dz = Fg pizy[(1— g¢) — (=5 - ().

The value of Tdeg can be determined from the equation of mass balance )
‘ Amw= (G, —G,) Eeg' v (6)
In Eq. (6)
G, = NJr, (7)
and Gy in Eqs. (3) and (4) is obtained from the recommendations of [5]. The results of the
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‘/"mfkg/(m-sec)

| 1
0 %0 40 2, MPa

Fig. 2. Minimum (without breaks in the film) trickling density
on the surface of a vertical channel for a descending film of
water: 1) unheated surface; 2) heated surface, q = (12-180)
kW/m?; 3) same, q = 250 kW/m?.

calculations of T = Gp/nd, confirmed by experiments in the range p = 0.2-12 MPa, q = 12-250
kW/m?, d = 30-53 mm; are presented in Fig. 2.

The value of G, is determined from the relation between the flow rate of the water
and steam in the presence of "flooding" in vertical heated tubes in terms of the criteria

of [6]:
VEK,+aV K, =b th (c Bo%%),

where

G g2(P1—ps)
K, = 1 B0=d|/-—————n
! Fft 4!’ piog (P1—99) ’ ¢

In the range of state parameters studied p = 0.2-6 MPa; d = (30-53) 10~ m; q = 50-250 kW/
m?, this relation can be approximated by the dependence

VE,+ 094V K,=1.07 Bo®-125, (8)

‘It is recommended in [7] that the well-known formulas of Nusselt and Find be used to
calculate the thickness of the liquid film in the presence of flooding. These formulas do
not take into account the effect of the counterflowing gas (steam) flowand are therefore
universal for the entire region 0 z < zq. Based on the values of G,/nd obtained in the
experiments, calculations using these formulas (with d > 20 mm) gave the values 1 — ¢ film <
0.03._ Therefore the term (1 — ¥¢415) in Eq. (5) can be neglected compared with the term
(1L — ¢ o), which is not less than 0.3.

Thus Eqs. (5) and (6) can be put into the form
» B o 7
Fft P S (1— @) dz 9)

0
’ Tdeg_ G;—Gy

To check the correctness of using in the proposed method the indicated dependences, we
performed experiments.in tubes with d = (30-53)¢10"° m,uniformly heated electrically over
the entire length, with the bottom inlet sealed. A vessel with an inner diameter of 79-10~°
m, filled with boiling water, was placed above the working section. Its level was more than
3 m higher than the top face of the electrically heated tube. In order to record the degra-
dation of heat transfer, 13 thermocouples, arranged uniformly along the height of the tube,
were fastened to the outer surface of the tube. We carried out the experiments under pres-
sures of 0.2-6.0 mPa with a virtually instantaneous {t < 0.5 sec) increase in the electrical
power up to values corresponding to Gz > G;.*

Using the dependences presented above (1)-(9) as well as the experimental results, we
compared the numerical values

*The pQwer N > N.ps where N., is defined according to the recommendations of [8], corresponds
conditionally to this value.
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Fig. 3. Comparison of the experimental and computed values
of Gi. Electrically heated tube with an inner diameter
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from Eq. (8).

N:p

-

J

017 % % v

Fig. 4. Change in the parameters accompanying a drop in the
pressure in the steam—~generating channel: 1) effective
power; 2) critical power; 3) capacity of the steam-generating
channel; 4) pressure in the channel. - . » .

.
P ft S"U—‘q’o)dz
Gy exi Gy — ——2 ' 1
( t)exp‘. 2 (E'eg exp ’ | | (10)
calculated using the formulas (1) and (7) based on the quantities p, N, and Tdeg measured in

the experiments and the values of G, determined from the dependence (8) for the same values of
p and N. The results of this comparison are presented in Fig. 3.

In determining (Tdeg)exp, the time required for heating the tube wall up to the tempera-
ture characteristic for heat outflow accompanying bubble boiling (1) and for establishing
a stationary distribution of the steam content over the height of the channel (v,,) was taken
into account. In other words, the time required for steam bubbles forming at the bottom of
the channel to flow to the top was taken into account: : e :

L

fa—ga
. 0
L T, = Aw .

The time Ty Tp. ~ is required to achieve the conditions for the onset of the hydrody-
namic critical state in the countermoving steam-water flows in the top section. The value
of 1ty + T, did not exceed 2-3 sec in the experiments.
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(G2 > Gy > 0.5 Gz), which gave a maximum error in (G of ilS%T-“ TETer T

l)exp

In this analysis the coordinates (zd)exp and (Tyx)exp could be data from any thermo-
couple recording the degradation of heat transfer. The results of the comparison (see Fig.
3) indicate the correctness of the calculations performed.

It is therefore recommended that Eq. (9) be used to determine the time interval from
the moment the hydrodynamic critical state appears in the countermoving steam-water flows j
up to the onset of the growth of the temperature of the heat-liberating surface. In order
to obtain the values of the quantities appearing in this formula, the expressions (1)-(3),
(7), and (8) are required.

We recall that if in the calculation using Eqs. (4) and (9) Gg > G,, then it is neces-
sary to set Tyy = 0; this corresponds to the onset of the hydrodynamic critical state and
degradation of heat transfer in the heated top section of the channel.

In the computational procedure described above, it was assumed that the pressure and
power (of the thermal load) remained constant throughout the entire process. During real
accidents, however, these parameters changes as:a function of time, which complicates the
solution of the problem. Thus a drop in the pressure in the channel with the boiling:
water causes additional generation of steam as a result of the heat (accumulated in the
water) present in the channel and in the metal structures over which the water flows. The
additional heat flux (Nyqq) forms when the pressure (saturation temperature) in the channel
changes. In this case, Eq. (7) assumes the form

Gy = (Nchan + Nagg)/t = Ngge /e (11)

In the case when the duration of the accident T > 3 sec, when the pressure in the
channel drops, the process can be regarded as an equilibrium process and the expression for
Nadd can be written in the form

di, (12)

- dp )
(Noga).= (= mgr G+ Cme)

Here Qpet is the heat flux from the metal structure of the steam-generating chanmel; over
which boiling water flows (it is determined from the formulas of nonstationary heat conduc-

tion); m; and i, are the mass and heat content of the boiling water in the channel, respec-
tively. : -

We shall describe the procedure for calculating the time interval from the moment that
the hydrodynamic critical state appears up to the moment that heat transfer is degraded under |
nonstationary conditions for the process whose parameters change in the manner shown in Fig.
4. At the time 1, a hydrodynamic critical state (Gz > G, i.e., Neff > N.y) appears in the
channel with the bottom inlet sealed. Further growth of Ngoff and drop in pressure give rise
to an increase in the steam content as a function of time in the channel (under the condi-
tions of bubbling) and to continued ejection of the steam-water mixture from it (under the
condition that the volume of the channel remains constant). The termination of this process
is characterized by the time T, corresponding to the maximum of the dependence

L

oL = | dz=1 (v,
0

where ¢ (z) is determined from the formulas for bubbling (1)-and (2).

In the interval T, < T < T, water does not flow into the channel at the top and a criti- |
cal state can (but is unlikely to) appear in heat transfer accompanying the ascending motion. |
of the steam-water mixture.

At the time 72 (with K, < 3.2) the water once again begins to enter the channel at the
top, and in order to determine the time interval from 7, up to the moment of degradation of
heat transfer the procedure used above must be used.

In this case, the system of equations (3) and (5) is written in the form

L Tdeg L R
Fo [ {0—90dz] — | G=Gndv =Fg [p| =00 dz] am
0 Te Ts 74 deg
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zd
L8
(GOT:=[Gd-F775 ({%ﬂ)dz]T,. . (14)
0 .

where the values of the quantities entering into these equations are obtained from formulas
1-(3), (8), (9, (11), and (12). '
Terms of the form Fgp, j {1 - ¢)dz (with z4 = 0 and 2z = z4) in the case of the assump-

Zi

tions made represent the mass of the water (mo), and (mdeg) present in the channel at the -
times T, and Tdeg,andcan be used to calculate N,gqq from Eq. (12).

The determination of the value of T4, is regarded as final when one of the following
conditions is satisfied: the left side of Eq. (13) becomes less than the right side or the
value of (G,)t becomes less than.that of (Gp)T.

When T > T3 the condition G, > G, is violated, and the mass of water in the channel
begins to increase and the degradation of heat transfer being studied here becomes impossible.

The calculations based on the foregoing method were compared with the results of experi-
ments performed with decreasing pressure (dp/pdt < 1.2:10~2? sec™!) and N = const. The dis-
agreement between the calculated and measured values of Tdeg (with T2 < 3 sec) does not ex~-
ceed *207%, which, under the assumptions made, must be regarded as satisfactory.
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DIMENSIONAL STABILITY OF STRUCTURAL MATERIALS UNDER LARGE NEUTRON

FLUENCES

N. K. Vasina, I. P. Kursevich,
0. A. Kozhewvnikov, V. K. Shamardin,
and V. N. Golovanov

UDC 621.039.531

The dependence of swelling of the steels and alloys having fcc, bcc, and hep crystal
structures on the temperature and the dose plays an important role in the choice of mater-
ials for nuclear and thermonuclear reactors. As applied to the field of large neutron
fluences, for a number of structural materials such data are obtained by carrying out
simulation experiments using charged particle accelerators [1-3]. In view of the well-
known shortcomings of such experiments and their uncoordinated nature, we carried
out direct determination of the radiation-induced swelling of a number of austenitic, fer-
ritic, refractory, and titanium-based materials in the 400-650°C range at a neutron fluence
of v1:10%% em™® (E > 0.1 MeV). A comparative study of the obtained data and the results of
the simulation experiments conducted previously on these materials is expected to help in
establishing a possible correlation between the values of swelling found in both modes of in-
ducing radiational damages.

Table 1 shows the chemical composition and the regime of prior treatment of the experi-
mental materials. :

The test specimens were in the form of cylindrical rods (wires) measuring 3 mm in dia-
meter and 27 mm in length with plane parallel polished end faces. The specimens were ir-
radiated in the core of a BOR-60 reactor using a special assembly for material studies.

The neutron fluence was maintained at (7.4-11.7)°10%2 em™? (E > 0.1 MeV) corresponding to
42-65 displacements per atom according to the TRN-standard. Along the height of the assem
bly, the temperature was varied from 400 up to 650°C by creating a predetermined gap between
the external case and the internal ampul containing the specimen cassettes.
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Fig. 1 Fig. 2
Fig. 1. Temperature dependence of swelling of Khl5N35M2 steel
(in all the figures the numbers adjacent to the points indicate
neutron fluence x 1022 cm™2; E > 0.1 MeV).
Fig. 2. Temperature dependence of swelling of the alloys of

the base composition Fe-20% Cr-45 Ni and pure nickel: O) nickel
(99.99%); ®) Kh20N45M4BRTs (austenitizing at 1200°C, water
quenching + austenitizing at 1050°C for a period of 1 h, water
quenching), grain size number 3-4; M) Kh20N45M4BRTs (austenitiz-
ing at 1050°C for a period of 1 h, water quenching), grain size
number 6-8; A) Kh20N45B (austenitizing at 1050°C for 1 h, water
quenching).

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 265-267, October, 1985. Origi-
nal article submitted August 23, 1984.
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TABLE 1.
Materials

Material designation

Weight content of elements, %

and condition 7
¢ si | mn | e | Ni | Mo T | Nb | a1 s P g%‘e]l?r{entsl Fe
Kh16N11M3: , ‘ |
austenitizing at 1050°C { 0,06 | 0,58 |1,3 116,25 (10,71 [ 2,28 { 0,1 | — | — 10,015 [0,015| —  [|remain-
for 1 h, air cooling der
austenitizing + 15% 0,06 | 0,58 (1,3 [16,25 10,71 { 2,28 | 0,1 — — 10,015 10,015 — Same
cold deformation :
austenitizing + 50%. 0,06 10,58 1,3 116,25.110,71 | 2,28 J 0,0 | - | — 0,015 [0,015 — » o
cold deformation
IKh15N 35M2:
austenitizing at 1050°C | 0,05 | 0,28 |1,18 |14,6 [37,3 | 2,7 — — — 0,005 (0,1 — »
for 1 h+ air cooling
Kh2 0N 45B: .
austenitizing at 1050°C | 0,03 )
for 1 h+ air cooling 0,23 10,36 (18,89 |44,55 | — | 0,01]1,25| 0,12 {0,009 (0,006 — —
Kh2ON4A5M4BRTs: :
austenitizing at 1200°C | 9,022| 0,18 [0,5¢ 19,5 |44,6 | 3,92 — |o0,79] — 0,004 |0,007 | 0,02 Zr
for 5 h, water quech- ’
ir:)%+ austenitizing at
1050°C for1h, water
quenchin§ (grain size
numbers 3—4)
Kh20N45M4BRTs: . )
austenitizing at 1050°C | 0,022| 0,18 |0,5¢ [19,5 44,6 |[3,92| — | 0,79 — 10,004 10,007 | 0,02 Zr jremain-
for 1 h, water quench- : der
%Sng8 rain size number .
Nickel, annealing at800° | — [ 0,02 |0,0002| 0,006/99,9 | 0,001| 0,01 | — — — — 0,02
C for 1 h, air cooling
01Kh13MCh, annealing | 0,035| 0,45 |0,53 |14,53 | 0,05 | 1,08 | — | — |o0,04 [o,01 |0,01 | 0,005Y |remain-
at 800°C for 1 h, air . der
cooling
Molybdenum allo — — — — — 199,5 — — — — — — _
_ anXe,aling at 1_2g6°C for o
1 h, air cooling
Niobium alloy, annealing | — — — - — — — 199,8 — — — — —
at 1250°C for 1 h, air
cooling
Titanium, annealing at 0,04 | 0,02 — — — — 199.,2 — 10,531 — — 10,0801
780°C for 1 h, air %Qol-, ’ ! ’ ’ 0,055 H,
ing 0,02 N,
TABLE 2. Swelling of the Steel Khl6N11M3
Under Different Structural Conditions
[rradiation parameters Length [Volume
neutron change {[change
Condition )f(‘lli%ggec 2 [P | o | avyv,
(E>0.1 Mey] C
Austenitizing 11,2 500 2,0 6,0
» 11,7 550 4,15 12,5
A ustenitizing + 10,5 450 1,2 3,6 N
15% cold de- !
formation
Same 11,7 550 3,0 9,0
Y T 8,9 650 2,0 6,0
A ustenitizing + 10.5 450 0,85 2,6
50% cold de-
formation
Same 1,7 550 2,4 7,2
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Fig. 3. Temperature dependence of swelling
of the bec and hep materials: O) titanium
(commercial purity); @) 0lKh13MCh steel;

B) Mo alloy; A) Nb alloy.

The magnitude of swelling was determined by precisely measuring the length of the speci-
mens before and after irradiation within an error of #0.01% using a special remote device
designed incorporating an IZV-3 length measuring machine.

Table 2 gives the results of studies on the steel Khl6N11M3 under various structural
conditions. The maximum swelling (v12.5%) was observed for the steel in the austenitized
conditon at an irradiation temperature of 550°C. Cold working the steel by 15% and, in
particular, by 50% effectively decreases swelling. '

The temperature dependence of swelling of the Kh1l5N35M2 steel (Fig. 1) is characterized
by a clearly defined maximum at 550°C amounting to 8% which is close to the swelling of the
Kh16N11M3 steel in cold worked condition. Such a high swelling of the Khl5N35M2 steel does
not agree with the conclusion of Johnson et al. [4] based on simulation experiments that the
steels containing 35% Ni have a low swelling tendency. ‘

Figure 2 shows the data on the swelling of pure nickel and the solid-solution strengh-
ened high-nickel alloys Kh20N45B and Kh20N45M4BRTs in the austenitized condition; here, the
alloy Kh20N45M4BRTs was austenitized at 1050 ‘and 1200°C in order to obtain grain sizes cor-
responding to the numbers 6-8 and 3-4, respectively, The swelling curve of pure nickel has
nonmonotonic nature and exhibits a maximum at 550°C, Taking the temperature shift into
account, it agrees well with the previously published data [5] on the effect of ion bombard- .
ment.

Swelling of high-nickel alloys of the composition Fe—20 Cr—45 Ni does not exceed "2%
independent of alloying and the heat treatment regime. This agrees well with the data of
the simulation experiments [1]. Furthermore, it is seen that the maximum resistance to
swelling is exhibited by the alloy Kh20N45M4BRTs after austenitizing at 1200°C whereby the
maximum amount of alloying elements is taken into the .solid solution.

Based on an analysis of the obtained results, we can conclude that a satisfactory resis-.
tance to swelling of the solid-solution strengthened austenitic alloys can be achieved at a
sufficiently high content of nickel (Vv45%) and the other alloying elements (Al, Ti, Nb, etc.)
having a size incompatibility with the elements of the matrix.

_ The reduced radiation swelling of the Fe—Cr—Ni alloys at high nickel contents is -attri-
buted to short-range ordering of the solid solution [6]. The absence of a correlation be-
tween the swelling of the steels of the composition Fe—15 Cr—35 Ni under neutron and ion ir-
radiation is apparently because of the difference in the duration of irradiation and in view '
of the fact that in both cases radiation-induced segregation of various elements (including
nickel) occurs [7]. During prolonged neutron irradiation considerable depletion of nickel
from the austenite matrix takes place because of its migration to sinks and, therefore, the
nickel content in the solid soclution becomes insufficient for reducing the magnitude of
swelling, for example, by the mechanism of short-range ordering. During ion irradiation,
where bombardment with charged particles lasts only for a few hours, the process of deple-
tion of nickel from the solid solution does not occur to a significant extent.

The data on the swelling of the ferritic stainless steel 01Kh13MCh (Fig. 3) confirms’
the well-known high resistance of this class of steels to swelling. Similar results were
obtained in the simulation experiments also [2].

Swelling of the molybdenum and niobium alleys (see Fig. 3) increases with increasing
irradiation temperature, but does not exceed 3% at 650°C. These results as well as the
data of Norris [8] show that the maximum swelling of the refractory metals having bcc lattice
occurs in the region of higher temperatures than in the case of the fcc metals. A study of
commercial purity titanium (hcp lattice) showed (see Fig. 3) that irradiation right up to a
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erature range 500-650°C (AV/V = 1. 2/) This agrees with the data of the simulation experi-
ments {3].
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EFFECT OF THERMOMECHANICAL TREATMENT ON THE SWELLING OF STEEL OKh16N15M3B

V. I. Shcherbak, V. N. Bykov, : UDC 621.039:553.3:669.15
and V. D. Dmitriev

Our earlier studies [1, 2] showed that thermomechanical treatment can significantly
affect the mechanical properties and swelling of steels irradiated with fast neutrons. 1In
view of this, it is dinteresting to carry out a more detailed study of the effect of such a
treatment on the microstructure of the fuel element jackets of a BOR-60 reactor made from
the austenitized steel OKh1l6N15M3B (holding at 1100°C for a period of 20 min) and the jac-
kets made from the same steel, but subjected to thermomechanical treatment (15% cold defor-
mation and annealing for 1 h at 800°C). For the present investigation we selacted two
centrally located adjacent fuel elements of a BN-6 experimental packet that was irradiated
up to a neutron fluence of 6.6:10%% cm™? (E; > 0.1 MeV) in the temperature range 340-640°C.
Electron-microscopic studies were carried out on 12 different sections along the height of
the jacket. The length of the fuel colum in the fuel elements amounted to 500 mm

The microstructure of the reference specimens showed that the austenitized steel
OKh16N15M3B had a dislocation density of 5:10° cm~?. The thermomechanical treatment of
this steel led to the deposition of finely dispersed niobium carbonitride particles decorat-
ing the dislocations and the precipitates:of the Laves phase! in this case, the dislocation
density within the grains varied from 6:10'° up to 2:10!! ecm~2. An analysis of the electron
micrographs of the steel showed that the precipitate particles deposit only on the edge dis-
locations or 'tripod' faults originating from the dissociation (splitting) of dislocation
lines retained in the structure of the steel after cold working and annealing. The twin and
grain boundaries were also decorated significantly with niobium carbide particles; here, the
grain boundaries had precipitate-free zones measuring 700 % in width.

When studying the specimens cut out from different sections of the fuel elements jackets
made from the austenitic steel, we obtained the characteristic microstructure of the neutron
irradiated OK16N15M3B steel (Fig. la, b, c¢). Dislocation loops and precipitate particles
were observed in the lower sections. The size of the dislocation loops increases with in-
creasing irradiation temperature. In this case, at the maximum fluence the dislocation den-
sity reached 7:10'° em™2, and in the segments irradiated at 600°C, it was equal to 10'°
cm™?, Furthermore, Fig. 1 shows that the precipitate particles size increases with increas-
ing irradiation temperature. Particularly intense growth of the precipitate particles of
the other phases takes place at a temperature exceeding 550°C.

i It was found that niobium carbonitride particles and the Laves phase are the main pre-
cipitates in the irradiated steel OKh16N15M3B. 1In the segments subjected to high tempera-

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 267-269, October, 1985. Origi-
nal article submitted August 6, 1984.
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826

Declassified and Approved For Release 2013/02/20 : CIA;RDP1 0-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1
ture, tne m:;sUe precipltate particles are observed on the grain boundaries as well as within
the grains.

After thermomechanical treatment, the steel OKhl6N15M3B shows a more nonuniform struc-
ture (Fig. 2a, b, c). Irradiation of this steel led to a decrease in the dislocation density
up to 10'* em™? and up to 5:10° cm~2 (in the upper sections); in this case, the concentra-
tion of the precipitates decreased from 2:10'® cm™® up to 10'® cm~>. The finely dispersed
niobium carbide precipitates decorating the dislocations are mostly retained even at high
irradiation temperatures. At a temperature exceeding 550°C, besides the finely dispersed

precipitates, the microstructure of this steel shows coarser particles of other phases
(Fig. 2d).

We note that the high dislocation density observed in the steel subjected to such a
treatment restrains the coalescence process of the finely dispersed niobium carbonitride
particles during irradiation up to a neutron fluence of 6.6:1022 cm—2.

Figure 3a shows the values of the average diameter and the concentration of pores
along the height of the steel jacket under different structural conditions. A comparison
of the results shows that after irradiating at a temperature below 500°C, the steel exist-
ing in the thermomechanically treated condition has higher concentration of pores of smaller
size as compared to the austenitized steel. Figure 3b shows that when irradiated at a
temperature below 460°C the relative pore volumes are close.to each other, and their maxi-
mum values amount to 3.2 and 2.6% for the steel subjected to austenitizing and to thermo-
mechanical treatment, respectively. When irradiation is carried out at a temperature above
520°C, thermomechanical treatment completely suppresses the process of vacancy related poro-
sity development at the given neutron fluence. '

This type of porosity development in the fuel elements made from the steel existing in
the thermomechanically treated condition may be explained in the following manner. During
irradiation at a temperature below 460°C, blocking of the vast majority of edge dislocations
by the depositing precipitate particles occurs. These particles hinder the process of dis-
location climb and, thereby, sharply decrease the ability of dislocations to trap the point
defects. Owing to this, the dislocation structure formed during such a treatment affects
the supersaturation of the matrix with point defects to a considerably less extent. There-
fore, in the temperature range under consideration, close values of swelling are observed
after thermomechanical treatment and austenitizing. At a temperature above 460°C, where the
density of niobium carbonitride precipitates formed during such a treatment begins to de-
crease, the dislocations can become free from the precipitates more easily, owing to which

their effectiveness as sinks for point defects increases. In view of this, when irradiation

is carried out at a high temperature up to a neutron fluence of 6.6°1022 cm~2, the effect of
thermomechanical treatment is found to be similar to the effect of 10% cold deformation [3].
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HYDROGEN PERMEABILITY IN Kh18N10T STAINLESS STEEL FROM PLASMA
GLOW-DISCHARGE

V. M. Sharapov, A. I. Kanaev, UDC 533.15
and A. P. Zakharov

In recent years numerocus studies have been made on the hydrogen permeability of stain-
less steels and on determining the parameters (constants) of the surface processes under ion
irradiation conditions [1-4]. Such studies are useful not only to understand the role of
different stages of the penetration (permeation) process, but also to predict the possibility
of using austenitic steels in thermonuclear installations. In this paper, we examine the

specific features of hydrogen penetration through the Khl8N1OT stainless steel from a glow-
discharge plasma.

EXPERIMENTAL RESULTS

The experimental setup and the procedure for measuring the hydrogen permeability of the
metals in contact with a glow-discharge plasma were described elsewhere {5]. The ion flux
density from the plasma on the specimen amounted to 3°10'® cm™?:sec”™ at an ion energy =350

eV corresponding to the voltage applied across the specimen (cathode) and the anode, and the
temperature range was 520-1000°K.

Figure 1 shows the temperature dependence of hydrogen permeability in the case of two
Khl8N10T stainless steel specimens measuring 0.5 (1) and 1 mm (2) in thickness. In the en-
tire temperature range under study, hydrogen flux P is inversely proportional to the speci-
men thickness. In the high temperature region (670-1000°K) we observe an exponential depen-
dence of the flux on the reciprocal of temperature that is characterized by an activation
energy of 14.5 kcal/mole (60.3 kJ/mole); at lower temperatures (<670°K) this dependence be-
comes significantly weaker.

We conducted experiments in both these temperature regions (below and above 670°K) for
studying the effect of the voltage (potential difference) U between the specimen and the
anode, and the ion flux Q (discharge current j) on the penetrating hydrogen flux. It was
found that the voltage variation (Fig. 2) has no effect on the hydrogen permeability of the
specimen in the entire temperature range. In view of the fact that in these experiments
the voltage was varied (maintaining constant current density) by changing the pressure p by
almost 2 times, we can conclude that under these conditions hydrogen permeability is also
independent of the hydrogen pressure in the discharge gap. It is seen from Fig. 3 that at
all temperatures, the permeating hydrogen flux has a linear dependence on the impinging ion

flux right up to a value of 5°10%° cm™?'sec™?.

In these experiments, using the 'lag' (delay) method we measured the diffusion coeffi-
cients of hydrogen at 543 and 563°K in the glow-discharge plasma, and found them to be equal
to 3.5+1077 and 5.4°1077 cm®/sec. These values are in reasonable agreement with the diffu-
sion coefficients measured under ordinary conditions during the interaction with molecular
‘hydrogen and described by the following equation [6] (cm®.sec):

D=0.12exp (— 14100 cal /RT).

DISCUSSION OF RESULTS

A similar temperature dependence of hydrogen permeability was previously found [7] in
the glow-discharge experiments conducted on nickel. It was assumed that the very weak temp-
erature dependence of hydrogen permeability in the lower temperature region is due to the
effect of the atomic component of plasma. However, in such a case, hydrogen permeability
would have been a function of the hydrogen pressure in the discharge gap; but this contracts
the obtained results (see Fig. 2) in view of the established similarity (agreement) of the
variation of atomic hydrogen content in the glow-discharge plasma with that of hydrogen

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 269-273, October, 1985. Origi-
nal article submitted September 14, 1984; revision submitted February 19, 1985.
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Fig. 1. Temperature dependence of hydrogen permeability in

the stainless steel Khl8N1OT from plasma glow-discharge:

= (aQ/Sy) (D/d); S¢ « Sp = Sy; at T < 700°K, S, = 18-exp
(—10 000 cal/RT); at T > 700°K, S, = 7°107%; x) calculated
values of P at d = 0.5 mm. '

Fig. 2. Dependence of the penetrating hydrogen flux P on
the voltage across the electrodes U and on the hydrogen

pressure p in the discharge gap: a) T = 790°K; b) T = 563°K.
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Fig. 3. Dependence of the permeaﬁing hydrogen flux P
‘on the current density of discharge j: a) T = 800°K;
b) T = 563°K.

pressure in the discharge gap [8]. Thus, under the aforementioned conditions, the hydrogen
permeability of the stainless steel is determined by the ionic component of the plasma.

The specific features of hydrogen permeation through molybdenum and nickel (at low -
temperatures) under ion bombardment conditions, in particular, the discontinuities ‘(salient
points) in the temperature dependence of hydrogen permeability, were attributed [7, 9] to
the effect of the 'intrinsic interstial atom' type mobile radiational defects. In this case,
dependence of hydrogen permeability on the voltage across the electrodes and an increase in.
the diffusion coefficients of hydrogen were observed. The absence of such effects in the
stainless steel indicate that apparently, the mobile radiational defects do not have a sig-
nificant effect on the hydrogen permeability in this case. Consequently, the aforementioned
discontinuity is related to the effect of ion bombardment on the surface processes.

—
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T, K S1,em/sec 1/81,5e¢/cm Sy.cm/sec 1/8y.sec/em|  pem?/sec| g, sec/ CM| p, arom/ cm? .
sec)

300 1-10-6 108. 2.10-7 5-108 5,6-10-12 9.407 —
400 6,6-10-° 7,5-108 7,6-10-8 1,3.108 2.10~° 2,5-107 —
500 8.10~4 1,2.108 6,4-10-5 1,5.10 7,7-10-8 6.4.106 —
800 4,3.10-3 2.3.10% 2.8.10-4 3,5.100 8 3.40-7 6.104 4,8.4013
800 7-1073 140 1,7-10-3 5,8.102 1,5-10-9 3,3.108 5,75- 1014
900 7.10-3 140 3)2.10-3 3.1.102 R 1.1.108 151015
1000 7-10-3 140 4,8-10-3 2-102 10-1 5.402 3.1.4015
1200 — — 1.40-2 102 3.10-% 1,6.102 .
1500 — — 2,2.10-2 45 10-3 50 _

In this case, diffusional penetration of hydrogen can be described by Eq. (1) with
the second-order boundary conditions (2) and (3), and the appropriate initial condition (4)
characterizing the absence of hydrogen in the metal at the beginning of the experiment:

ac 92C
=" Gz _ 1)

ac o~
— D o7 =@ — 8, Clamv; (2)
— D—gz—:SzCh:d; (3)
C(z, 0)=0. 4)

The condition (2) reflects the fact that hydrogen introduced into the metal from the
ion flux oQ (a is the coefficient of penetration) partially diffuses into the metal (the

menber -D g%, where D is the diffusion coefficient) and partially liberated reversibly into

the discharge chamber (the member $;C, where S, is the reemission rate constant). The 1lib-
eration of the diffused gas on the reverse side of the membrane is characterized by the con-
stant S,. ’

Solving the system of equations (1)-(4) leads to the following expression for the
hydrogen flux penetrating through the membrane in the stationary regime steady-state:

p . o 1
P = s TS, Tam - ()

In the case where penetration is restricted (controlled) by diffusion (the rate of the sur-
face processes is much higher than that of the diffusional discharge 1/S,, 1/S; « d/D),

Eq. (5) simplifies to

P=522. )
Such a direct proportionality between the penetrating hydrogen flux and the incident ion
flux (see Fig. 3), and the inverse proportionality with the specimen thickness (see Fig. 1)
were observed in the entire temperature range (520-1000°K). Consequently, Eq. {(6) can be
used for evaluating the hydrogen reemission rate S, under ion bombardment conditions. For
this purpose, a was taken as 0.4 at an ion energy of 350 eV [10]. Table 1 shows the values
of S; computed in this manner.

It was established that S, = 7:10~° cm/sec at T = 670-1000°K, and that it is virtually
independent of temperature in this range; however, at T < 670°K, S, varies as a function of
temperature in the following way (Fig. 4, curve 3) cm/sec:’

$, - 18 exp (— 10000 cal /RT). ' | (N

For calculating S, we used the diffusion coefficients D obtained from Eq. (6). The
values 6f D and d/D (for d = 0.5 mm) are given in Table 1. Besides this, the published
values [11] of thermal desorption rate S¢ (cm/sec) are also shown in Table 1 and Fig. 4
(line 1) which follow:

‘ , (%)
Sy == 0.4 exp (—8700¢al /RT). :
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Fig. 4. Temperature dependence [11] of the thermal de- -
sorption rate (1) and the radiation-induced desorption
rate: 2) published data [1]; 3) experiment; 4) published
data [11]. '

Fig. 5. Temperature dependence of the transverse section

of radiation-induced reemission: ¢ ) calculated values.

In the general case, _
S¢=S8p+ S, 9)
where Sp is the radiation-induced desorption rate. Table 1 shows that the relationship

Sp » S¢ is valid up to 1000°K and that the reemission rate constant of hydrogen on"the '
irradiated side S; is determined only by the radiation-induced desorption, i.e., S, = Sp.

The rate of hydrogen reemission from the stainless steel within the puise durétionlin
the TM-4 discharge chamber measured [11] at 300 and 600°K was found to be equal to 3+10™%°

and 4+10~% cm/sec, and the variationm, may be described by the following equation (em/sec)
(Fig. 4; line 4):

S, = 60 exp (— 8700 cal /RT). _ Qo)

Waelbroeck et al. [1] also measured the reemission rate at 300-700°K 1in the experiments
based on the so-called 'Langmuir effect' where the change of hydrogen pressure in the stain-
less steel chamber was recorded during the glow-discharge period. In order to explain the
results of these experiments, the authors [1] used a diffusion equation with the boundary
conditions showing quadratic dependence (square-law variation) on the concentration C. The
reemission rate constant k., cm®+sec™?, and the ratio of the actual surface area to the geo—
metric area o were found out according to this.

In order to.obtain the relationship between S, and oky, let us compare the equations

___Df_ld—_cz_:a()_‘gl(;i . ‘ (11)

and

—D B —aQ@— 2k, . (12)

assuming that the penetration is restricted (controlled) by diffusion, i.e., S; » D/d and
2 /kr »> D?/4d*Q. Equating the values of C, obtained for Egs. (11) and (12) (under the con-
dition that C, » C;) we obtain the following relationship

1 =20%,Q, | | (13)
which is used for comparing the published data with the results of the present work. Recal-
culation of the published data [1] gives the following expression fo: S: (Fig. 4, line 2)

S, =16 exp (— 1000.cal /RT), (14)
which coincides with that obtained in this work.

Apparently, Eqs. (7) and (14) may be considered to be more accurate than Eq. (10) that
was obtained from the experiments conducted on such a complex apparatus as TM-4. Evidently,
it may be confidently stated that under ion irradiation conditions at relatively low temper-
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atures <{700°K) the reemission rate of hydrogen from the stainless steel has an exponential
dependence on temperature in that the activation energy amounts to 10 kcal/mole (41.9 kJ/
mole), whereas, at T > 700°K this rate does not depend on temperature.

We can propose two possible explanations for this bhenomenon.

1. The temperature dependence of S, indicates the activated nature of the process
with an activation energy close to that of thermal desorption (8700 cal/mole or 36.45 kJ/
mole), whereas, the radiation-induced desorption rate is clearly independent of temperature
[15]. It is possible that accelerated thermal desorption occurs in this case as a result
of ion bombardment. From Fig. 4 it follows that such an accelerated thermal desorption is
as if it were equivalent to a temperature increase in the surface layer by 300°K.

2. The constant $; characterizes the radiation-induced desorption rate and, may be
expressed [11] in the following form:

Sy=8,=0'R, (2Q), (15)

where Rp is the jump depth of the iomns of a given energy in the metal, cm (at an ion energy
of 350 eV, Rp &~ 20-30 K); and o' is the transverse section of radiation-induced desorptionm,
em?. In this case, we may assume that o' is a function of temperature (at T < 700°K). The .
values of o' calculated according to Eq. (15) were found to be 4-107%°, 3-107'%, 2:107%2,
3:10~*%, 3+10~2? cm® at T = 300, 500, 600, 800, and 900°K, respectively (Fig. 5). The vari-
ation of o' with temperature in the range below 700°K may be expressed in the following way:

o’ =1.1-10"exp (— 10400 cal /RT). (16)

Nonavailability of data on the o' measurements at temperatures above the room tempera-
ture did not make it possible to compare the obtained results. The experimentally determined
[12, 13] o' value for the stainless steel at 300°K using 350 eV bombarding ions was equal to
(2-3)-10-'° cm?; op the other hand, according to the data of McCracken [14], in the case of
unannealed stainless steels o' > 10~'® cm?. The derived values are very close to the value
calculated from Eq. (16): at 300°K, ¢' = 4+10~*® cm®. This apparently indicates the opera-
tion of the radiation-induced desorption process. However, in this case, it is difficult to
explain the increase in o' with increasing temperature: up to as high value as 31072 cm?
at 700°K. The aforementioned effect may be related to the capture of hydrogem atoms by the
defects created at the moment of irradiation whose probability of liberation from these de-
fects incraases with increasing temperature. However, additional experiments are required
for verifying this hypothesis. 1In any case, the value S, = 7°10™® cm/sec, that is obtained
at T = 700°K and is independent of temperature, forms the ultimate (limiting) value of the
hydrogen reemission rate at the bombarding hydrogen ion fluxes amounting to 3°10%° em=?:
sec™!. .

Table 1 shows that right up to low temperatures, hydrogen penetration through the stain-
less steel is diffusion controlled (d/D » 1/S;, 1/S¢) in contrast to, for example, molyb-
denum [15] in which at low temperatures, the penetration is governed by the surface proces-
ses. The rate of the surfaces processes (S,, St) becomes comparable to the diffusional dis-
charge rate (D/d) only at T > 1000°K. Using Eq. (5) and the S,,-St, and D values given in
Table 1, we can evaluate P at high temperatures (see Fig. 1, cross symbols). The observed

bend point in the temperature dependence of hydrogen permeability in the high temperature
region indicates that in this case, the superficial (surface) stage of penetration begins
to play a decisive role. From Eq. (5) it follows that the maximum obtainable permability
Pmax = @Q provided that 1/S, » 1/Sy, d/D. However, in the case of the stainless steel,
the valuesof 1/S,, 1/St, and d/D are fairly close to each other in the entire range up to
Tmelt and, therefore, Ppgx always remains less than aQ. Thus, at T = 1600°K, the flux
P~ 3°10*% cm-2+sec™! which is approximately 4 times less than oQ = 1.2:10'¢ cm™?'sec~’.

CONCLUSIONS

In the entire temperature range under consideration (520—1000°K), the radiation-induced
desorption rate is higher than the thermal desorption rate.

In the temperature range below 700°K, the magnitude of hydrogen permeability is deter-
mined by the radiation-induced desorption rate that depends on temperature accqrding‘to the
equation : .

S, =18 exp (— 10000 cal /RT).
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7+107° cm/sec.

Above 1000°K, the rates of the radiation-induced desorption, thermal desorption, and

diffusional discharge are comparable, and the exponential temperature dependence of flux
would be disrupted.
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VARIATION OF THE DISLOCATION DENSITY UNDER THE CONDITIONS OF RADIATION-
| INDUCED SWELLING OF STRONGLY DEFORMED CRYSTALS

| 7. K. Saralidze ' . UDC 539.2/3:648:621.039

The dislocation structure of crystals undergoes considerable changes under irradiation
and the dislocation density can either increase or decrease, depending on‘its initilal value.
An interesting feature of the evolution of the dislocation structure during ‘irradiation is
a tendency toward the attainment of a certain steady-state dislocation density. It is known,
e.g., that when annealed (initial dislocation density po < 10° cm—?) and coldwworked (po =
10*2 em~?) austenitic stainless steels are bombarded with fast neutrons, the dislocation
density attains the same constant value pg = 6°10'° cm~? at a neutron fluence ~10%*2 em~* [1].

Since the stresses necessary for dislocation glide do not arise in the crystals during
irradiation, it must be assumed that the rearrangement of the dislocation structure of the
crystal is caused solely by the climbing of the dislocations, by the annihilation of the
dislocations during collision, and the formation of new dislocation loops from the solid

| solution that is supersaturated with point defects. It is thus of interest not.only to
elucidate the mechanism responsible for the tendency toward a constant dislocation density
‘and to estimate the steady-state concentration pg, but also to establish what, during the
irradiation of the crystals in the free state, causes an uncompensated steady-state flow of

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 4, pp. 273-277, October, 1985. Origi-
nal article submitted July 16, 1984. :
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state climb by dislocations.

Edge dislocations have a capability for preferential absorption of interstitial atoms
[2-4]. However, this is insufficient for the existence of a steady-state flow of uncompen-
sated interstitials to such dislocations. Such flows can exist only if the crystal contains
different sinks with an unlike tendency toward preferential absorption of point defects. It
is usually assumed that besides dislocations the crystal contains vacancy pores, which most
often are considered as neutral sinks without a tendency toward preferential absorption. In
highly deformed crystals, however, pore formation is suppressed until sufficiently high flu-
ences, which lead to a very substantial change in the dislocation density, are attained.
Therefore, when explaining the comparatively rapid decrease in the dislocation desntiy in the
case of crystals with a high initial density, Bondarenko and Konobeev [5] considered neutral
sinks in the form of mixed helical dislocations introduced into the material during deforma-
tion, Since this assumption was not sufficiently substantiated, it was considered as a pos-
tulate [5].

It should be emphasized that in the case of steady-state spearation of flows of vacan-

cies and interstitials to sinks of unlike types one of the sinks need not be considered to be .

neutral or capable of preferential absorption of vacancies. All of the sinks can have a
tendency toward preferential absorption of any one type of point defect (e.g., intersti-
tials). Nevertheless, if the different sinks have a different tendency toward such preferen-
tial absorption, then under steady-state conditions of irradiation one type of sink will ab-
sorb predominantly: interstitials and the other type predominantly absorbs vacancies.

The stronger elastic interaction of edge dislocations with interstitial atoms than with
vacancies is one of the principal causes of preferential absorption of interstitials by edge
dislocations. The elastic field of an edge dislocation depends on the orientation of its
Burgers vector relative to the crystallograhic axes. Therefore, dislocations with Burgers
vectors of different orientation should interact in different ways with different point de-
fects. Accordingly, they should also have different tendencies toward preferential absorp-
tion of interstitials. This, as mentioned above, is completely sufficient for the steady-
state separation of flows of interstitials and vacancies to dislocations with Burgers vectors
of different orientations and as a result conditions are created for steady-state climb of
these dislocations during irradiation. The factor np of the tendency of dislocations toward
preferential absorption of interstitials is usually assumed to be of the order of several
per cent. In principle, however, its relative change can be calculated as a function of the
orientation of the Burgers vector and the dislocation line and for qualitative analysis we
can take An ~ 1072, assuming that this value is not grossly overestimated.

We also note that the presence of preferential sinks of only interstitial atoms produces
an excess supersaturation of the crystal with vacancies and, consequently, should be condu- -
cive to the nucleation of vacancy pores but not of interstitial dislocation loops. The cri-
tical size of interstitial dislocation loops. The critical size of interstitial dislocation
loops (if only the small loops do not have an anomalously strong tendency toward preferential
absorption of interstitial atoms) under such conditions should be too large and, therefore,
the observed loops should have a subcritical size and cannot make any significant contribu-
tion to the formation or evolution of the dislocation structure of the crystal. It should be
added here that the conditions for the nucleation of interstitial loops do nmot improve appre-
cilably even when neutral sinks or sinks with a small tendency toward preferential absorption
of vacancies are present in the crystal. We shall henceforth assume that the evolution of
the dislocation structure of the. crystal during irradiation occurs mainly as a result of the
climbing of the edge segments of the dislocation network that exists in the crystal and the
climbing of helical dislocations that can form from screw segments of dislocations of the
probability of this process is sufficiently large.

Two parallel processes can occur during the climb of dislocations: multiplication of
dislocations through the formation of new dislocation loops by the Bardeen—Herring mechanism
from climbing edge segments [6] and the annihilation of dislocations of opposite sign when
they enter into the region of "spontaneous mutual recombination,'" i.e., when they approach
to a distance at which the force of the mutual attraction becomes equal to the force that
starts the slip of dislocations. Naturally, when the initial dislocation density is low,
the multiplication process will predominate and the dislocation network will become denser
under irradiation. Conversely, when the initial density is high, the process of dislocation
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equal. An exact mathematical description of the process of change in the dislocation struc-
ture is extremely complicated. The phenomenological equations presented in [5] for the de-
scription of the behavior of the dislocation density contain indeterminate parameters and
the applicability of these equations is limited. It is thus desirable to attempt a quali-
tative description of the time dependence (fluence dependence) of the dislocation density on
- the basis of fairly simple but physically substantiated assumptions.

Suppose that 0(t) is the dislocation density and I ~0~*/? is the average length of
the segments in the dislocation network. Then the bulk density of dislocation segments n =
(p/l) = ps/z. A segment, as a source, can generate a dislocation loop whose radius is com-
mensurate with its length. If v is the velocity of climbing by dislocations, then t; = llv
is the creation time and v, = v/l is the rate of creation of loops of size 7 per unit time by
one segment-source. In this case the rate of increase of the dislocation density because of
all such sources is (apart from a factor of severalfold) equal to

(dp/dt), = lev, = p¥?p,

If z is the number of different possible orientations of the Burgers vector in the crystal,
then with an isotropic distribution for the orientation of the dislocations the bulk density
of dislocation segments that climb in parallel planes is n, = n/z = p3/2/z. By ¢, we denote
the starting stress for dislocation slip. Then the distance h at which climbing dislocation
segments can annihilate is found from the formula h = b(G/o,), where G is the shear modulus
of the crystal. The average distance between segments that climb in parallel planes and are
separated by a distance =h can be expressed as: '

A = (nlh)’1/2 — (p3/2h/z) _1/2'

The lifetime 1, of a climbing dislocation to annihilation will be determined from the
condition A = vt,. In this case the rate of change of the dislocation density as a conse-
quency of annihilation (to within a numerical factor) is

(dp/dt) an= (p/1p) = (pv/M) = p™/3 (Riz)/2.
Thus, for the rate of change of dislocation density we get the equation
’ (dp/dt) = p312v — o7/ (h]z)Y2. (1)
The climbing velocity v in the general case can depend on the dislocation density. '

~The stationary solution of Eq. (1) (dp/dt = 0), which corresponds to a long irradiation
time (large fluence), has the form

= (20,/bG)? ‘ — (2)
and does not depend on either the initial plane of the dislocations or their climbing velo-
city since it is determined only by the structure of the crystal (z) and its mechanica;"
characteristics (0o, G). If for a rough estimate we use the values b = 3'10'q-cmiandfoo[G”=
8:10™", then for cubic crystals (z = 9, three <100> orientations and. six <110> eorientations)

we get pg = 5.7°10'° em~?, which is close to the value established during the irradiation:of
stainless steels. S

The climbing velocity of an'edge dislocation can be written as

p == D) A, (3)

bln(l/ o)
where b is the Burgers vector, ro is the radius of the dislocation core, D(-) is the vacancy
diffusion coefficient, c'~/) is the steady-state vacancy concentration during irradiation,
and An is the orientational difference of the factors of the tendency toward absorption of
interstitials by dislocations.

The quasi-steady-state vacancy concentration ¢(~) can be determined from the condition
‘for the balance of.point defects :

' 5 wp o ArQIm2 (i/rg) JVZ__ \ 4
¢ = dreIn(ifry) {[1 F np2DC) 1}’ (4)

where r is the radius of spontaneous recombination of point defects and Q is thé number of
separated Frenkel pairs that form in a unit volume of the crystal per unit time (K = wQ is
the rate of formation of displacements). For simplicity, Eq. (4) does not make allowance
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in a unit volume is smaller than the dislocation density. h

Substitution Eq. (4) into formula (3) and then into Eq. (1), we get the following
equation. for the time dependence of the dislocation density during irradiation:

Sr=momt ([ ] -1 () e e ®

. The solution of Eq. (5) in the general form reduces to integration of a fiarly compli-
cated function and, therefore, we shall confine ourselves to consideration of the limiting
cases when Eq. (5) assumes a form that is more accessible to integration.

The expression

E = (4roK In2 (I/r)/nep2DCY), ‘ ' (6)
which appears in formulas (4) and (5), depends on the rate of formation of displacements;
the dislocation density, and temperature. If from the condition § = 1 we determine the
critical values of these parameters [Tq.(o, K), p.(T, K), and K.(T,p)], which, naturally,
will depend on the true values of the other two parameters, then clearly when one of the
conditions Tipyr > Ta(p, K), p » po(Tiprs K)s or K « K.(Tipy, 0) is satisfied, the para-
meter £ will be much smaller than unity and Eq. (5) takes on the form . '

d A I\’ . )
'E%:: 2 P2 11— (p/p )14, Ex 1, | .(7)

where pg 1s described by formula (2). This limiting case corresponds to irradiation condi-
tions when the volume recombination can be neglected and the steady-state concentrations of

- point defects are determined by the disappearance of the point defects in sinks (in disloca-
tions, in the given case). If one of the conditions Ty, < Te(py, K)y-p < pe(Tirr, K), or

'K » K.(Tipy, p) is satisfied, then the main role in the kinetics of accumulation of point
defects will be played by their volume recombination, the parameter will be much greater than
unity, and -Eq. (5) assumes the form : :

e [t —(plpa) /4, E> 1, ' (8)

where v A :
' = [aDOojroK In? (Urg)l /2. ' )

It should be noted that for Eq. (8), unlike the case for Eq. (7), the irradiation temp-
erature is important and the dependence [found from the solution of Eq. (8)] of the disloca-
tion density on the fluence ¢, expressed as the number of displacements per. atom (o= Kt),
is affected.by the rate of formation of displacements (the coefficient y depends on K). It
should also be borne in mind that Eqs. (7) and (8) can be used to describe the changes p(t)
over the entire range of time (fluences) if during the irradiation the conditions for their
possible application because of a change in are not violated,.i.e., p(t) does not intersect

its critical value p (Tjprs K), and the K .[p(t), Ti,,] do not intersect the real values that_‘

correspond to the conditions of the experiment.

The function p(t) cannot be found in explicit form from the solutions of Eqs. (7) and
(8). The functional dependence of the fluence ¢ on the dislocation density p can be deter-
_mined_fairly easily, ' : o

172 VRN . . .
® ()= (gh sty BT ) B -(10)
_ 4b ) (1—az/4) 214 - 322/2— 2214 —1 .31(})2—_2@%/"——1 E E (GR D)
PO = [ (A—zv/4yzd/ 2E T 20472 ] &> 1‘_ .
where - _ :
| r=p (t)/psv z0=po/‘psv . ’ (12)

and po is the initial dislocation density, which can be greater .than or smaller than pg.

Using formulas (10) and (11), we obtained the plot of the function p(®) which, natur-
ally, is affected by the specific values of the parameters that characterize the irradiation
conditions (Ty,., K) and ‘the state of the crystal (po), as well as the constants qf the crys-
tal itself. Analysis of Eq. (10),. the condition for the applicability of which is easily
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which is characterized by the initial value xo = 20, decreases by a factor of roughtly
10 at a fluence of 7 displacements per atom while at a fluence of 15 displacements per

The irradiation of crystals is often accompanied by swelling due to the formation of
vacancy pores. For intensive nucleation of pores it is necessary that the critical radius
of diffusion development of a pore be fairly small, which is possible only for high steady-
state supersaturations of point defects. The critical pore radius R, can be found from the
condition of a zero rate of diffusion change in the pore size,

2E®
Ro=+7 I [14np (cCeg=")] ° (13)

where § is the specific surface energy of the pore, np is the factor of the tendency of a
dislocation toward preferential absorption of interstitial atoms, and c(-) and c{™) are the
steady-state and equilibrium vacancy concentrations, respectively.

We assume that the initial dislocation density po is sufficiently high. From estimates,
T, < 800°K for po >> 10** cm~? even when the rate of formation of displaced atoms is K = 107°
sec”™!. 1If the crystal is irradiated at Tiyr > Tc(po, °K), the steady-state vacancy concen-

tration (4) has the form

(o In@ry K Caw
2m pD)

and depends significantly on the dislocation density.

The exponential temperature dependence of the parameter nDc(‘)/co(‘) in formula (13) is
responsible for the peculiar temperature dependence R.(T). If we introduce the temperature
T*, which is determined from the condition

Npe /e =1, (15)

then it is easily seen that for Ty, > T* the function R (T) begins to increase sharply
with rising temperature and this should correspond to a rapid decrease in the rate of pore
nucleation. This allows the temperature T* to be identified with the high-temperature limit
of pore formation (swelling of crystals). Substituting formula (14) into Eq. (15), we get

Eo+E
* 0 m
T*= kln2npD§ /mpK In(1/rg)] ? . (16)
where Eo and Ep are energies of vacancy formation a?d migration and Dg-) is the preexponen-
tial factor of the diffusion coefficient. When Do = 10~' cm?/sec, K = 10® sec~?, and |
21/1n (L/re) =1 the dislocation density decreases from po = 10*? cm™® to p = 10'° cm™? can
shift T* downward by more than 10%.

Thus, if the initial dislocation density in the crystal is. too high (po » ps), and
Tirr > T*(po), then the crystal should not swell. However, if T*(p) becomes smaller than
Tiyr @as p decreases during irradiation, the crystal should begin to swell. The time’ neces-
sary for the dislocation density to decrease to the value determined from the condltlon

T*[o =T ipy - oan

will be called the swelling delay time. This time can be determined directly from Eq. (10)
if on the left-hand side of the equation p is replaced by the solution of (17) with formula
(16). It should be pointed out that the value obtained for the delay time cannot be consi-
dered to be quantitatively accurate. For a more accurate quantitative description‘of the
processes under consideration it is necessary to know the value of An and the detailed
mechanism of evolution of the dislocation structure; this permits an accurate descrlptlon
of the change in the dislocation density with time.
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AUTOMATIC REMOTE MONITORING OF THE SEPARATION PROCESSES OF TRANSPLUTONIUM
ELEMENTS BY ION EXCHANGE

I. V. Tselishchev, N. S. Glushak, UDC 546.799:66.012.1-52
A. A, Elesin, V. V. Krayukhina,

V. M. Nikolaev, V. V. Pevtsov,

N. I. Pushkarskii, and V. I. Shipilov

Ion-exchange processes are used to produce pure samples of transplutonium elements with
a high atomic number from irradiated accumulative reactor targets. The behavior of the ele-
ments to be separated in a production line must be carefully monitored because the separation
coefficient of these elements in such processes is low, the volumes of the solution with the
valuable products are small, and the requirements with respect to purification and yield are
high. The monitoring ecannot be fully effected by laboratory analyses after taking samples
because the analyses take a long time and are laborious and the relative losses of the valu—
able products are high. Laboratory analyses must be necessarily supplemented by a continu-
ous remote monitoring on the producing line so that information on the development of the
processes can be rapidly obtained, optimal fractionation of the products can be performed
during the processes, and the number of laboratory analyses can be minimized.

In order to increase the amount of information on the behavior of the elements to be
separated in a production line, one employs monitoring systems with a set of detectors cor-
responding to the specific conditions of the process. For example, the authors of [1] have
described the use.of BFs;, y-Ge(Li), and Nal detectors for monitoring the separation of
Cm, Am, Cf, and Eu by ion exchange processes. The detectors were mounted near a loop with
output to a semiservicing station of the production line, and the {tiformation obtained from
the detectors was processed in a computer.

The present work concerns an investigation of the possible use of immersed alpha, neu-
‘tron, and y-Nal detectors and of an information retrieving and processing system as
described in [2] for monitoring ion exchange processes in the separation of %%%Es and 2%%2cf.
In the process to be monitored, first Es and thereafter Cf are washed out and the separation
coefficient amounts to "l1.4. The required purification and yield of Es are attained by a
three-step refining of the initial mixture. The remote monitoring system must reliably de-
termine the limits of the Es fraction and the beginning of the Cf washing-out. When the Cf
concentration is relatively high in the mixture to be separated, one employs in the first
stages. of the process immersed alpha and neutron detectors for the monitoring and immersed
a- and Y—NaI detectors in the last stage. Certain characteristic features of the nuclides
to be monitered are listed in Table 1 in terms of nuclear physics; the table includes the
parameters of the detectors employed.

An immersed n-silicon surface-barrier detector is employed for measuring the *®°Es and
3320f concentrations from the a-activaty [3]. The a-spectrum obtained with the aid of such
a detector from a mixture of those nuclides in a nitric acid solution is illustrated in
Fig., 1. The specific overall a-bulk activity of the solution is determined with a formula
of [4]:

y=nN, ' (1)

where vy denotes the specific a-bulk activity (Bq/ml); n denotes the detector calibration
coefficient (Bq'sec/(ml'pulse)) determined in measurements of the a-activity of standard
solutions) and N (pulses per sec) denotes the repetition frequency of the pulses on the 20%
discrimination level. The relative concentration of the o-emitters is obtained with formulas
of [5]: :

Translated from Atomnaya.ﬁnergiya, Vol. 59, No. 4, pp. 277-280, October, 1985. Origi-
nal article submitted October 22, 1984,
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Fig. 1. a-Spectrum obtained for the - Fig. 2. y-Spectra obtained with an Nal
232Cf and *°°Es mixture with an immer- detector; a) **°Tb and *®®Es; b) '®°Tb,
sion detector. 2%%gg, and *°3Cf; c¢) *°2Cf; the numbers
at the peaks denote the energy values
(keV).
g =hy—hyy; ‘ (2)
hy= 2 ny (Cy+ Cik)/z (Co+ Cik)%, _ (3)

where hy denotes the relative concentration of the I-th o-emitter; n,, contents of the k-th
channel of the a-spectrum; and Co and C,, parameters of the linear dependence which describes
the distribution function of the number of o-particle over the energy; this dependence is ob--
tained with the least-square method for the spectral section from k; to kg (see Fig. 1). The
concentration K; of the I-th o-emitter is (expressed in ng/ml)

K =ve)/a, - ' (4)
where a denotes the specific a—activity (Bq/ug) of the nuclide; y, total specific a-bulk
activity (Bq/ml); and €7, relative concentration of the Z-th alpha emitter in the solution.

Es and Cf were separately determined through their a-activity in the interval 0.1 < ¢, < 0.9
. when the results of the laboratory analysis coincided within the error limits.
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Fig. 3. Structure of the monitoring system: 1) receiving vessel; 2) flow cell with
immersed alpha detector; 3) neutron shield made of polyethylene; 4) detector of fast
neutrons; 5) column; 6) shield of the chamber or box; 7) box for gamma samples;

8) lead shield; 9) 6931-17 Nal detector; BUS2-96) preamplifiers; BUS2-95 and BUS2-97)
amplifiers; VSI-VS3) voltage supplies; BSA2-95) discriminator; C2-95) counter; AC2-
95) amplitude converter; SCU-8) switch control unit; OMB-0l) operational memory
block; DDB-01) data dispiay block; BKI-01l) timer; ExM) external memory of the 1530-17
type.

Additional information on the *°*Cf concentration in the solution is obtained by record- .

ing fragments of spontaneous fission with the aid of an immersed alpha detector. The ampli-
tude of the pulses resulting from *°2Cf fission fragments substantially exceeds (by about
one order of magnitude) the amplitude of the pulses generated by the a-particles; therefore,
by recording the fission fragments, the Cf concentration can be precisely determined, and
this is particularly important at high loads in the a-measuring channel (more than 10“
pulses per sec) when the resolution of the a-spectra is significantly reduced.

A fast-neutron sensor is used to measure the neutron flux from the 2°2Cf. The sensor
is a silicon surface barrier detector with an area of 25 mm®. A thin layer of a hydrogen-
containing material (lucite) was applied to the sensitive surface of this detector. Though
the sensitivity of such a detector is relatively low, one can obtain with this detector
useful information on the ?*2Cf concentration at various points of an ion-exchange unit.

A spectrometric 6931-17 Nal detector (25 x 25 mm) with a resolution of 8% for the 660-
keV line is employed for recording the y-radiation of the nuclides to be separated. The
main contribution to the y-radiation of the solutions to be monitered is provided by *°°Tb
which is the chemical analog of Es and which is washed out together with the latter. This
detail makes it possible to determine the relative *°>Es concentration of the solution from
the area of the '®°Tb photopeaks at 200-300 keV (Fig. 2). The 2%2Cf concentration is
assessed from the-repetition frequency of the pulses resulting from the remaining part of
the spectrum and generatedi by the y-radiation and from the neutron flux from 232Cf; this
part of the spectrum is determined by subtracting the contribution produced by *°°Tb and
25°Es from the total spectrum.

The structure of the monitoring system is systematically illustrated in Fig. 3. The
immersed @-sensor is mounted in flow cell of the production line inside a hot chamber
or hot box. The neutron sensor records the neutron flux at the output of the production
line or at another point of the unit (the dashed lines indicate the position of the detector
in the scanning of a column). The Yy detector is mounted near a production line loop
which was extended into the service area. The information supplied by the sensors is pro-

cessed with an 1nformat10n—retr1ev1ng and processing system. The system under .consideration '

is distinguished from the previously described system of [2] by equipment with channels for
measuring the y-radiation (6931-17 detector, supply block VN3, and BUS2-95 amplifier)
and the neutron flux (neutron detector, BUS2-96 preamplifier, BUS2-97 amplifier, BSA2-95
discriminator, and supply block VS1).

The program for the operation of the monitoring system is designed for testing indivi-
dual units, calibrating the measuring channels, periodic connection of the sensors during
process monitoring, processing of the information arriving from the sensors, and outputing
of the results of the measurements on a printer or the screen of the data display unit. The
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Fig. 4. Results of the monitoring of the separation
of ?*3%Es from *°2Cf: a) with the aid of immersed

a- and neutron detectors; b) with the aid of im-
mersed ¢ and v detectors.

program and the initial data are imputted from magnetic tape or from the computer keyboard.
The results of measurements made with the o—-sensor are outputted as concentration of

the nuclide (Bq/ml or ug/ml) on a printer, whereas the recordings of the fission fragments,
of the neutron flux, and of the y-radiation are outputted as pulse repetition frequency
(pulses per sec), which corresponds to the relative concentration of the elements to be
separated. The periodicity of the measurements depends upon the dynamics of the process
and is 100-300 sec. FEach measurement has its particular number and time which corresponds
to the solution volume passed through. The results of the monitoring of the entire process
are recorded in an external memory and can be displayed on a screen of the data display unit

as curves of washing out; these results can be additionally processed (calculation of the
purification, extraction).

Figure 4a illustrates an example of remote monitoring on a line for separating s o
and 2®2Cf via the a activity, fission fragments, and the neutron flux., The a-monitoring
(curve 2) facilitates the determination of the front edge, the position of the maximum, and
the beginning of the drop of the curve of Es washing-out. The front edge of the Cf washing-
out curve is determined mainly from fission fragments (curve 4) and the neutron flux (curve
5), because at a high load in the a-measuring channel, it is hard to separately determine
2%2¢f on the *®°Es background. The gently sloping front edge of curve 5 of monitoring the
2520f concentration through neutrons can be explained by insufficient shielding from the
spurious neutron flux and by the low sensitivity of the neutron detector. Curves 1 and 3
reflect the change of the ?2%Es and *22Cf concentrations according to the laboratory analy-
sis data of individual samples. The results obtained with y-monitoring are shown in Fig. 4b.
In the particular case, the a-activity in the solution monitored results mainly from *°°Es
(curve 2), and the total vy activity (curve 1) is composed of the activity of *®°Tb (curve
3) and the activity of 2%2Cf (curve 4). Curve 5 indicates the change in the *®?Cf concentra-
tion according to laboratory measurements on individual samples in a neutron .unit. It fol-
lows from the examples that the results of remote monitoring on a production line rather pre-
cisely describe the behavior of the elements to be separated and are close to the results of
laboratory analyses in a wide variability range of the concentrations, .as well as in cases of
various Es and Cf ratios in the initial mixtures. a- and y-monitoring are the basic monitor-
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sensitivity of the neutron detector can be increased by increasing the sensitive surface
area, and the background in the neutron channel can be reduced by employing appropriate
neutron shields.

It was therefore shown in the example of the separation of 2°°Es from *®2Cf that when
immersed oa-, neutron, and y-Nal detectors and an information-retrieval- and process-
ing system are used in the automatic remote monitoring of ion-exchange processes for the
separation of transplutenium elements with high atomic numbers, the elements to be separated
can be operationally observed in the production line during the process and an additional
processing of the results of the monitoring after termination of the monitoring is possible.
The information obtained is a necessary supplement to the analysis data of samples and helps
to reach optimal fractionation of the products with a minimum number of laboratory analyses.
When the set of detectors used becomes greater, the detector parameters are improved, and
the information retrieving and processing system reaches a faster response, ion exchange,
and extraction processes in the separation of transplutonium elements can be successfully
monitored in the case of a complicated nuclide composition of the solution treated while
requirements in regard to fast execution of the measurements and their accuracy are being
met.
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_DEPENDENCE OF THE MEAN VALUE AND FLUCTUATIONS OF THE ABSORBED ENERGY
ON THE SCINTILLATOR DIMENSIONS

7 F. M. Zav'yalkin and S. P. Osipov , . UDC 539.16

In [1, 2], it was shown that the level of signal fluctuations at a detector output
depends on the number of y quanta and the spread of their absorbed energy; the dependence
of the mean absorbed energy E,p and accumulation coefficient of the fluctuations £ on the
radius of a cylindrical NaI(Tl) scintillator (thickness 7 cm) for 1.25-MeV y quanta was
described; and it was established that Epax = 3-4. In [3], the dependence of the amplitude-
distribution coefficient n = VE on the radius of the cylindrical scintillator was investi-
gated for large values of the recording efficiency (0.5-0.9). A method of estimating the
maximum value of n as a function of the energy spectrum of the radiation incident on the
crystal was proposed, and analytical expressions were obtained. It was shown that n does
not exceed 1.2-1.4 for scintillators of different materials and moroenergetic sources and
for sources with a continuous spectrum cannot be larger than 1.5. -

The presence of such contradictory and partial data and the need to know the dependence
of the mean absorbed energy E,, and accumulation coefficient of the fluctuations £ on the
scintillator dimensions for designing scintillator detectors of the ionizing radiation
operating in the current-recording mode means that the above-noted dependences must be in-

vestigated. This problem takes on special importance in designing multichannel systems,

Translated from Atomnaya ﬁnergiya, Vol. 59, No. &, pp. 281-283, October, 1985. Origi-
nal article submitted.November 5, 1984,
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Fig. 1. Dependence of Eab on the radius of the cylin-
drical CsIscintillator at an energy of 1000 keV; l) 7=
2.5 ecm; 2) 5; 3) 10.

Fig. 2. Dependence of i;b on the radius for various en-
ergies and crystal materials when 7 = 5 em; 1) Eo, = 250

keV; 2) 1000; 3) 1750; 4) 2500; 5) 1000, CdWO,; 6) Eo =

1000 keV, plastic.

multilayer detectors [4] for tomographical apparatus, and spectrometers based on deriving
the radiation spectrum [5] from the experimental absorbed-energy distribution.

In the present work, the mean absorbed energy and accumulation coefficient of fluctua-
tions for cylindrical scintillators .made .from materials covering the density and atomic-
number ranges employed (CdWO,, CsI, plastics),of radius a and length I for a narrow photon
beam of energy Ey; incident on the crystal along the cylinder axis is calculated. The accumu-
lation coefficient of the fluctuations is determined by the mean square deviation 8, of the
energy absorbed by the detector material £ = 1 + §32, U51ng the dispersion property of the
‘random quantity o®x = x* — x?, it was found that £ = Eab/Eab No account is taken of elec-
tron leakage in the calculations. The interaction coefficients of y quanta with materials
are taken from [6]. The Monte Carlo method is used in the calculations, taking account of
the recommendations made in the present wotk.

Typical curves of E,p as a function of the radius a of the cylindrical CsI scintillator
for various crystal lengths and Eo = 1000 keV. As is evident, with increase_in scintillator
radius, the function E,} increases with increase in saturation from minimal Emin (the approx-
imation of a needle-shaped scintillator, a = 0) to maximal Emax value of the absorbed energy
(@ = )i This &s explained in that, beginning at some radius, y-quantum lekage through the.
front and rear surfaces of the sc1ntillator will predominate over leakage through the side
surface; this effect is increased as the photons leaving through the side surface lose.a
larger proportion of their energy in the crystal than those leaving through the rear surface.

It follows from Fig. 1 that, when I = 2.5 cm, saturation sets in more rapidly than
when Z = 5 cmand 7 = 10 cm. Thus, the rate of absorbed-energy accumulation deﬁreaseé with
increase in crystal length. This is explained by increase in the proportion of energy leak-
age through the side &durface. o

The dependence of the mean absorbed energy on the radius is also determined by E, and
the scintillator material (Fig. 2). Comparison of curves l1-4 shows that the rate of accumu-
lation of E,p with increase in Eo at first decreases since there is a sharp decrease in the
proportion of the photoeffect, and then increases because forward-scattered photons predomi-
nate in the quantum leakage. In analyzing curves 2, 5, 6, increase in density of the scint<
illator material with increase in rate of accumulation of Egp is established; this is asso-
ciated with increase in the influence of the photoeffect.

On the basis of analysis of the results obtained, it is possible to describe the depen—
dence of the mean energy absorbed in a crystal of radius a

ab—En1111+( max Emin) (1—9 gu) . : (1)

where g 1s a coefficient depending on Eo, Z, and the crystal material; Epaxs Emin are ex-
pressed in terms of Eo,. The error with which Eq. (1) approximates the theoretical data is
no more than 17%.

The value of Epjp is found [3] using the Klein—Nishina—Tamm formula
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TABLE 1. Coefficients t, b,, b, for Var-
ious Scintillator Materials

Coefficient Plastic GsL CAdWO,
t 0,51 0,85 0,75
by 1,51 2,01 2,33
ba 0,25 0,61 0,73
E, =X _E—1,02 py € [ _—200'4-1020° 4 1860241020418 224-3—a? ]
Emm“—pph+ E, T 30 (11 2a)® D In (14 22) |, (2)

where Eo, is the energy, MeV; u, linear attenuation coefficient of y radiation of energy Eo
by the scintillator material upp, attenuation coefficient of the radiation as a result of
the photoeffect; i, attenuation coefficient of the radiation due to pair creation; a =
Eo/511; C, a coefficient proportional to the number of electrons per cm® of the scintillator
material.

The dependence of Epj, on E¢ calculated from Eq. (2) for various crystal materials is
shown in Fig. 3. The minimal energy at first falls sharply with increase in Es. This is
because ‘of the sharp decrease in influence of the photoeffect in the range E, = 0-5 MeV.
Then: Emin increases slowly, since the proportion of energy lost in the crystal from the re-
corded quantum increases. For CdWO,, Emin is larger when Eo < 1 MeV than for CsI, on ac-
count of the large contribution of the photoeffect to the total linear attenuatdon coeffi-
cient -of the radiation. Beginaing at Eo = 1 MeV, Epin is practically the same for CsI and
cdwo, (0.5-1%). For plastic, Emln is less than for Csl and CdWO,, and the minimum is reached
earlier, which is explained by the absence of a photoeffect for Eo =>0.2 MeV.

The function: Emax depends on Eo as well as the length and the material of the scintilla-
tor. With increase in I from 0 to infinity, Emax increases monotonically from Epin to 1.
With increase in Eg, the behavior of Epax is the same as that of Epin.

The dependence of Epgy on the crystal length may be approximated with an error of 1.5-
3% by the expression

Emax:‘—E’mln"!“(i_Emln) (1_‘e~fl)' (3)

Here f is a coefficient depending on Eo; f = tu(Eo), where t depends on the scintillator
material (Table 1).

The coefficient g(Eo, L) determines the rate of increase in Eab, its dependence on E,
is qualitatively described above. For I = 0, the function g = =; when 7 tends to infinity
g tends to a constant value. The function g(Eo, 1) may be described by the formula

g (Eq, 1) =bp+ %2,— (4)

The values of the coefficients b,, b, for various types of crystals are given in Table
1. The minimum values of E,p calculated by the Monte Carlo method and from Eq. (2) are in
good agreement; the deviation is no more than 0.7-1%.
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lo rind the mean accumulation_coefficient of the fluctuations of absorbed energy, Eab
is calculated. The dependence of Eab on a, 7, Eg, and the type of crystal is completely
analogous to the dependence of Eab on a, , Eo, and the type of crystal. The dependence
of the accumulation rate of E,p and E3p on a is the same for each set of l, Eo, i.e., the
dependence of Eab on a may be described by the formula

Fb—Eln|11+( max“Emm) (1 —e-89), (5)

where Eﬁin’ Egéx are expressed in units of Ej. The limiting minimal value of the mean
square absorbed energy is [3] '

1) boh , (Ho—1. 02) pab , € —68a + 18404 ; 5660° 4940241800 4-2%,  2a-4—a? 6
B, =ty Lo tbab . o | o I m 2w, (6)

The dependence of Emax on Eo; and 7 is written analogously to Eq. (3)

Ehax =Fin -+ (1—Ein)(1 — e tuEw),

The values of Egin calculated by the Monte Carlo method and from Eq. (5) coincide with an
error of 0.7-17.

The accumulation coefficient of the fluctuations may be determined from Eqs. (1) and
(5)
_ E?nin——(E?nax—Exznin) (1—0_5'“) :
[Emmn+(Emax — Emn) (1—e-82)]2’ N

It was noted in [3] that the dependence n = V¢ is approximated by a linear function if
the scintillator thc thickness is sufficiently large. As shown by the results of machine
calculations, this is not true for small thickness. Theoretical curves of n as a function
of the radius a of a cylindrical scintillator for different 7 and different values of the
energy are shown in Fig. 4. At small crystal thickness, n does not depend on the radius;
when ph = 0.2-2, this dependence is significant om both the thickness and the crystal dia-
meter. At large scintillator thickness, :n.dis approximately the same. Since n decreases to
some value with increase in diameter, it is possible to approximate the dependence of n on -
a by a formula analogous_to Eqs. (1) and (5); the rate of decrease of n is analogous to the
rate of accumulation of Eazp and Ezb, that is

M= "Tmax + (7]0' nma.\) e_’a (8)

where the coefficients g, nysx depend on 7, Eg, and the type of scintillator; ne depends on
Eo and the type of scintillator. Equatlon (8) is more convenient than Eq. (7). The value®
of noe is determlned from Em1 and Egj;. The dependence of npay on I may be obtained. from
the dependences E7p,, (1) and Epay(1).

The results obtained are only valid for monoenergetic sources. The specific feature
of the use of a nonmonoenergetic source for radiometric measurements in the mean-current
recording mode is that n # 1 for a total-absorption crystal. The values of Egp and E:b may
be found from the formulas from [3] and from Eqs. (1)-(6).

The value of n may be calculated for total-absorption crystals and sources with a dis-
crete spectrum. It is found that n is no greater than 1.07 (®°®Ra). It is not difficult to
estimaté n for total-absorption crystals and x-ray sources. The Kramers energy spectrum
[7], disregarding the high-energy compoment, is

_ 2AE,—E)
f ) =Bt
where Eo is the maximum energy in the spectrum and
E, E,
E=\ Ef(E) dE, E*= S E*f (E) dE
0 [

Then n = 1.5. If the high-energy component is taken into'account, then

1.5 (B 4B) (E, 1 2B) , (9)
n— )/ BT
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n < 1.5. The theoretical values of the limiting n for Shiff bremsstrahlung spectra with
maximum energy Eo = 10-15 MeV according to the experimental data of [8] are in good agree-
ment (discrepancy no more than 3%) with the values obtained from Eq. (9). This is because
the physical nature of the bremsstrahlung radiation does not depend on E,, i.e., the Shiff
and Kramers spectra are adequate from a physical viewpoint.

Any barrier between the bremsstrahlung source and the detector hardens the spectrum_and
hence decreases the accumulation coefficient of the fluctuations. In this case Epp and Ejy
are determined from the formuias of [3] and from Eqs. (1)-(5).

Theoretical investigations and Monte Carlo calculations allow the dependence of the
absorbed energy and the accumulation coefficient of the fluctuations on the dimensions, type
of crystal, and radiation spectrum incident on the crystal to be estimated. The results ob-
tained may be used to estimate the expected signal and signal/noise deviations or to select
the minimal dimensions of the cylindrical scintillator on the basis of the required signal/
noise ratio. The results may also be used to establish the radiation spectrum from a known
absorbed-energy distribution over the radius or length of the cylindrical scintillator.
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MEASUREMENT OF THE RATIO OF THE 2°°U AND *°°U FISSION CROSS SECTIONS
IN THE NEUTRON-ENERGY RANGE 0.34-7.4 MeV

B. I. Fursov, M. P. Klemyshev, _ ' UDC 539.173.84
B. F. Samylin, G. N. Smirenkin,
~and Yu. M. Turchin

The present work continues a cycle of measurements of the fission cross sections of
nuclides [1, 2] in the neutron-energy range that is most important for fast-reactor calcula-
tions by the method described in [1]. Neutrons were generated in T(p, n) and D(d, n) reac-
tions in solid targets from titanium hydride on copper substrates (E, < 1 MeV) or scandium
hydride on molybdenum substrates while tritons and deuterons were accelerated in the electro-
static accelerators of the Physics and Power Engineering Institute, Obninsk. The energy
resolution, which depends on the target thickness and the solid angle in which the fission-
able layer was located, was AE, = #30-40 keV in the region of the 2°°U fission threshold and
increased to +100-200 keV for E_<C 3.8 MeV. A fissionable triuranium octaoxide (U304) layer
of diameter 10-15 mm and thickness 0.3-0.5 mg/cm® was deposited onto thin (< 0.1 mm) sub-
strates of polished aluminum (Table 1). The fission fragments were detected by a double
jonization chamber. The efficiency of fission chambers for 2°°U and *°°U was 98.3 and 98.8%,
respectively. We used B/A layers for measurements of the energy dependence of the 23ey/23%y

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 284-287, October, 1985. Origi-
nal article submitted January 25, 1985.
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LA L i e J-D\JL\JP-L\— \JUHIPUD.L AUl wL L4D0oAViIGQUV LT L‘U\—.L‘:.L’ Qe ro
Laver Principal 234y 23 236 ]
isotope 5U 36U 238y
4 ey 10,0010 99,99554-0,0010 0,0035 0,0005
B :“{U < 0,001 0,047+0,002 99,8454-0,005 0,1073-0,C02
C ;{;"U < 0,001 3,002+-0,009 96,87+0,10 0,1340,02
D 236y < 0,001 4,973+4-0,015 94,904-0,09 0,132-0,02
TABLE 2. Results of Calibration of og(*®°U)/0g(*°°U) with ?°U Layers of Different
Isotopic Compositions
Calibra- E,, MeV
tion ‘Layer
1,475 2 2.5 3
i Cc/A 0,5384-0,009 0,633+0,009 0,6870,011 * 0,713-4-0,012
11 D/A 0,5424-0,008 0,631+0,008 0,6884-0,010 0,7184-0,011
Average 0,5404-0,006 0,632+0,006 0,688-+0,007 0,716+-0,008

*The structure of the errors of this measurement is given in Table 4.

ratio of fission cross sections and we used C/A and D/A layers for calibrations. Calibra-
tion was carried out to measure the ratio of fissionable *°°U and *°%U layers by a method:
that makes it possible to obtain highly accurate results in analogous measurements of fission .
cross sections of 22°U and 2°°U [1]. 1In the ionization chamber ?°°U layers (C and D), with
a *°%y impurity that is well known from mass-spectroscopic measurements, was mounted in con-
tact with ?°%U layers (A). The ionization chamber was placed in a polyethylene-moderated
neutron flux from an accelerator. Since 22U does not possess subbarrier fissionability,’
the slow neutrons cause fission of only the *2°U nuclei in each layer. 1In the case of ir-
radiation with slow neutrons the fissions that occurred when the detector was covered with

a 0.5-mm layer of cadmium were subtracted from the number of fissions with the detector
opened. The cadmium ratio for **°U was about 20, the correction to the ratio of the number
of fissions in the *3°U and *2°U layers did not exceed 0.3-0.5%, and the energy of the neu-
trons prior to moderation was 400 keV [the T(p, n) reaction was used]. To eliminate the
blocking of one layer by another we irradiated them in turn from the front and back side of
the detector and averaged the results. o ’

After the slow-neutron measurements the moderator block was removed and a cycle of
measurements of the ratio of the *°°U and ?°°U fission cross sections was performed with
the same layers for neutrons possessing energies of 1.475, 2, 2.5, and 3 MeV- (Table 2)..

To measure the energy dependence of the ratio of the *°°U and *°°U fission’'cross sections
over the entire range, including the subbarrier region, we used the B layer of *2¢U, which
contained no less than 0.05% 2°%U. The energy dependence curve was normalized to values
averaged over two calibrations for E.= 1.475, 2, 2.5, and 3 MeV, which were measured with

an average error of ~1,1%. Since the measurements were carried out in a continuous beam

of accelerated particles, great attention was paid to the determination of the components

of the neutron background. The influence of neutrons scattered by the walls of the experi-
mental room was taken into account through the deviation from the “R™? law with the distance
of the detector from the accelerator target.. This component of the background did not ex-
ceed 0.4% for En << 3.6 MeV and 0.7% for Ep = 3.8-7.4 MeV. B

Tt was important to make correct allowance for the background of neutrons scattered by
the structure of the accelerator target. The correction for this component was found from
measurements with an increased effective thickness of the material of the target structure
by a factor of two and then three, followed by linear extrapolation of the results. to zero
thickness. The layer of water (0.25 mm) that cooled the target was simulated with polyethyl-
ene. The correction for the ratio of the fission cross sections of ?°°U and *°°U was 1-2.2%
over the range 1.475-3.6 MeV, increased to 57 for 0.338 MeV, and did not exceed 0.3-1.2% for
the region E  => 3.8 MeV. ' ‘
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Ratio of the “°°U and “°°U Fission Cross urement of the Ratio of the “°°U and *“°°U
Sections . Fission Cross Sections for E, = 2.5 MeV
> | = S | > (calibration I)
§ ~ o . @ | & :
- w < = - w - 6—7
A G | e 2= El 2|l 8] 8 Source of corrections and errors Correc- |Error, %
B 4 ® 4| a|mn P o] a| a tion, %
Statisti f fast- -
8,32?73 gg 8,88%(7)2 [1:,3 5,2 |2,20 680682l 0.2 1.5 -r?u;ntlscso ast-neutron measure 0,5
, , , 5,0 12,40 68 {0,691] 0,3 | 1,5 Fissi i ity 1 i
0,436| 36 [0,00400 3,7 | 4,2 [2.50| 67 (0,685 0.4 { 1.6 250) 'S;f ey herirrons ope* (excluding < 0.1 1
8;?% gg 0,88574 2,9|3,5|2,60] 66 (0,685 0.3 16
, 0,00823] 2,6 | 3,2 |2,70| 66 (0,689 0,4 1:6 Energy dependence of the fission-frag - 7 0
0,584) 33 10,0112 | 2,5 | 3,1 12,80 65 10,695] 0,3 ] 1,5 me%l}; de?ection efficiency 8 0.7 0.3
gggg gg 88:12(752 2,1) 2,8 [2/90] 650,699 0.3 1.5
, . 2,01 2,713,00( 650,712 0,2 | 1,6 Background of neutrons:

0,732 32 {0,539 | 1.8 | 2.5 |3110| 65 |0.719] 0’2 | 16 % t 0,7
gyggg 2} 8.(1)251]1 15273 [2°20] 68 0727 ():2 1:‘; scattered on the target structure 1,6 0,7
, $ , 1,212,113,30| 65 [0,739] 0,3} 1.6 from concomitant (p, n) reactions 1,9 0,2
S TE e AR e R o 8
) ) {0, 611,83, 66 10,750| 0,4 | 1,7 i i i _ X
0'o81] 3 07283 | 0'5 | 177 |3°60 (;6 0,':'58 o 1,é nelastic scattering of neutrons 0,5

1,080] 32 10,289 | 0,9 | 2,5 |3,80] 240 [0,773] 0,7 | 2,0

1,079 32 10,337 0,6 1,8 4,00] 174 [0,774] 0,3 | 1,9 Error of the ener ydependence of the —_ 1,1

1,129 32 10,401 | 0.8 | 1,8 [4.20] 161 [0'779] 0'4 | 1.9 ratio of the 3¢ U and 35U fission

1,178] 33 (0,448 | 0,5 | 1,7 [4.40| 142 |0]784| 0.4 | 1.8 cross sections

%g% gg 81521; 0,3 | 1,6 |4.60| 133 0'787| 0.4 | 1.8

y , 0,41,64,80| 118 [0,788) 0,5 | 1,8 ii

1,326 33 10,559 | 074 | 1,7 |5.00] 112 [0]785 0.4 | 1.7 RGeS Snrent of X o uctei in the 0,3

1,376] 34 10,560 | 0,3 | 1,6 |5.20| 106 [0.791] 0.5 | 106 g Layer (see Table 1)

:,gg gz 8'?2; 8"; 1,6 |5.40| 104 [0/706| 0.4 | 1.6 rror of slow-neutron measurements —_ 1,0
, 1,6 }15,60| 102 [0,803] 0,7 } 1, : y ;

1:524 3 0:524 0'4 1:6 5:80 | 125 |0'805{ 1.0 z,g Déggrejren%ezg%t}{e neutron fluxes in the 11 0,5

1574 35 0,534 | 0.3 | 1.6 |6.00| 122 |0/812] 1.1 | 2.1 "0 and U layers

i,g% gg g,ggg 8,% 1,6 6,201 120 {0,811| 1,1 | 2,2

’ f , ,6 (6,401 117 10,831| 1,2 ] 2,4 ] :

1,800 73 {0,604 | 0,2 | 1,6 [6.60| 116 0,855 1.0 [ 2.3 Total error - 1.6

1,900] 72 (0,615 0,2}1,6|6,80| 116 [0,880| 0,9 | 2,4

2,00 | 71 10,636 | 0,21 1,5|7,00| 117 0,888 0.8 | 2,4

2,10 | 70 0,651 0,311,5)7,20| 118 [0,893] 1,0 | 2,5

2,20 { 69 (0,663 | 0,3 | 1,5 [7.40| 119 0,867 1.3 | 2.7 .

The measurements performed indicated a considerable dependence of the results on the
background of neutrons from concomitant (p, n) and (d, n) reactions in scandium and molyb-
denum, which are incorporated into the composition of the target and its substrate, as a
consequence .of an abrupt change in the 22%U fission cross section in the region of the thres-
hold and the comparatively low energy of the background neutrons. These components of the
background were measured on models simulating the target (molybdenum with deposited scandium
but without tritium or deuterium). The main and background measurements were made many times
on a set of targets and models and the results were averaged. In the background measurements
it was important to reproduce idéntical conditions for the targets and models owing to the
dependence of the background (d, n) reactions not only on the integral of the current but

also on the time, i.e., the "history" of the irradiationm.

' The number of fissions of *°°U nuclei reached 9% for 3.6 MeV in the case of the (p, n)
reaction. The correction to the 22%U/22%U fission cross-section ratio in this case was 5.5%
and decreased to 0.1% for 1,475 MeV. In the case of the (d, n) reaction the total number of
235\ figgions for 7.4 MeV reached 32% with a correction of 16.4% to the *°°U/?°°U fission
cross—-section ratio and a decrease to 0.8-1.2% for 3.8-5.4 MeV. By means of calculations we
introduced corrections to the results of the measurements. It was most important to make
allowance for the fission of isotope impurities in measurements in the subthreshold region
(E, = 0.34-0.84 MeV) and calibration measurements. The influence of 234y and *°°U is negli-
gible.

The energy dependence of the efficiency of detection of fission fragments by ionization
chambers made it possible to take into account the fraction of fission fragments that are
completely absorbed by layers of finite thickness or that generate pulses with an amplitude
below the discrimination threshold. The correction incorporates the motions of the fission-
able nucleus in the laboratory coordinate system because of the momentum transferred by a
neutron and also incorporates the angular distributions of the fission fragments. The values
of the angular anisotropy of the fission were taken from [3] for 235y and from [4, 5] for

848

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1.




Declassified and Approved For Release 2013/02/20 : CIA RDP10- 02196R000300070004-1

REEAYYS Al | _\\/:Ff’ VV‘VVV
* %Y\!qvjﬁﬂ f +AZN N
gé . oV+ .
a8~ o HEH c5¥i 8%
g@J[3+j
+
I St s
b 0
@ on
v .}“ém
S
8
NG
H
94 e
L £ a
wi:v =]
‘13‘"0,2 t I | L | 1 | | |
o 2 J 4 5 6 7 8 g
W f
[ ol ®
- n‘&)&\rq{
L Lon T
707 - 0‘3§
r A ?&
- -
2
2| L
10"k ) -
[ Caee
- ——
R e b
" o
° :
70‘3 | | 1 ! L L | L ] I | I
g2 g4 06 04 %0 7,2 £, MeV
236

Fig. 1. Ratio of the U and 2°%U fission cross sections:

a) region of the '"plateu"; b) subbarrier energy region; e@) re-
sults of this work; A) data from [6]; O) data from [7]; V) data
from [8]; +) data from [9]; 0 ) data from [10].

2365, A small correction allowed for the difference in the neutron fluxes through the 2°°U

and 2%%U layers, separated by the electrode of the ionization chamber and the substrates of
the layers. According to estimates the inelastic scattering of neutrons on the material of
the detector, electrodes, and substrates of the layers is small. The upper estimate of this
effect (0.5%) was added to.the resultant error. The results obtained in this work are pre-
sented in Table 3. It indicates the statistical error, which was determined from the scat-
ter of the results, and the total error, which is the root-mean-square sum of all the in-
determinacies found. Table 4 gives the structure of the characteristic errors and the errors
of one calibration measurement at 2.5 MeV. The part that determines the energy dependence
of the %3%°U/%3%U ratio of fission cross sections (1.1%) was separated from the total error.
The systematic part of the total error (1.2%) which was correlated over the entire energy
range studied consisted of the squares of the average accuracy of the calibration values
(1.1%, Table 2) and the error of the normalization of the energy dependence to reference
values (0.5%). Besides the statistical error, the errors due to the experimental measure-
ments and the computational corrections were incorporated into the error of the energy de-
pendence. The largest contribution came from the scattered-neutron background (1.2% for
0.338 MeV) and concomitant (d, n) reactions (1.8% for 7.4 MeV). The total error of measure-
ment of the ratio of *°°U and *°*U fission cross sections was 1.5-2% in the range 1-5.6 MeV
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background, and increased to 5. 2/ for 0.338 MeV because of a deterioratlon of the statisti-
cal accuracy of the measurements of the subbarrier region of *°°U fission.

Figure 1 compares the results of this work with those of other authors. It should be

_pointed out that there is satisfactory agreement with the results of [6] except for indivi-
dual values in the range 6-7 MeV. The data of [7] have higher values (by 2-4%) over the
entire range studied while in the range E; > 5.5 MeV this difference reaches 5-10%. The
results of [8] are in agreement withi the data.of this paper over the combined energy range
but are 3-57% higher for individual values of the energy for E_ > 5.7 MeV. The results of
{9] in the range 3-5 MeV and the data of [10] in the range 2- 8 MeV are systematically below
. the results of this work.

The authors express their thanks to E. Yu. Baranov for participation in the work.
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HIGH-TEMPERATURE STRENGTH OF THE 10Kh18N9 STEEL IN THE MEDIUM OF CARBON-
CONTAINING SODIUM AT 500°C

0. V. Starkov, I. P. Mukhin, UDC 620.171.32
V. V. Chukanov, and V. D. Zhelnin

‘ During the operation of fast neutron reactors with sodium coolant, the intermediate

| heat exchanger of the sdcond loop made from the 10Kh18N9 stainless steel is subjected to

| static and dynamic loads. 1In the presence of a carbon source, the stainless steel 10Kh18N9

| may undergo carburization leading to a change in its high-temperature strength and ductility
[1]. 1In view of this, it is necessary to study the effect of carbon-containing sodium on
the long-term strength, creep rate, and elongation of the 10Kh18N9 austenitic steel at 500°C.

The tests on the long-term strength and creep of the 10Kh18N9 steel in carbon-contain-
ing sodium and in pure sodium were carried out at 500°C on plain specimens measuring 4 mm
in width and 1 mm in thickness, and having a gauge length of 17.5 mm under a constant ten-
sile load in a specially designed leak-tight system. All the components of the system in-
cluding the specimen grips that are in contact with sodium were made from the steel
OKh20N14S2. An insert (sleeve) made from the Ul0 carbon steel served as a carbon source.
The surface area of the insert in contact with sodium was 37.5 cm® and the surface area of
the components of the system and the specimen amounted to 350 cm?.

Filling up the system with sodium (156 cm®) and hermetic sealing were carried out in a
vacuum glove box using pure argon atmosphere. The control (reference) steel specimens were
also tested using such an arrangement in pure ‘sodium. The plain specimens of steel were
heat treated in a regime of heating up to 1100°C, subsequent holding for a period of 10 min,
and air cooling. )

The rate of carbon absorption by the chromiummickel steels through sodium increases
with increasing temperature and increasing carbon-source area, and slows down with time
[2]. The established quantitative regularities [3, 4] of carburization of the austenitic
steels 10Kh18N10OT and 10Kh16N15M3B from different carbon sources permit one to simulate the
carburization conditions of the heat exchanger tubes (metal—metal) of the second loop made
from the 10Kh18N9 steel from a low-alloy pearlitic steel 10Kh2M (structural material of the
steam generators) acting as a carbon source. In the general case, neglecting the stresses,
the amount of carbon absorbed by the steel is given by the equation Am = P1°+%. Here, P-is
the carburization parameter determining the carburization ability (carburizability) of the
system as a whole. For the second loop working with sodium at 500°C and at equal surface
areas of the source Sg and the carbon absorber S;, P~ 1°107° mg:cm?-h~°:%. 1In the experi-
ments, we used a strong carbon source in the form of UlO steel which gives P = 1-10-2 mg-
em™2+h7°+® at §_,/S, * 1:9.4 = 0.1 based on the published data [2, 4]. For an equal quantity
of carbon to be absorbed by the 10Kh18N9 steel from the sources comprising the steels Ul0
| and 10Kh2M (P,19*® = P,13'®), it follows that when the 10Kh2M steel is used as a carbon

source, the experimental duration must be 100 times greater than that required when the Ul0
steel is used. Thus, the experiments for evaluating the high-temperature strength of the
10Kh18N9 steel were carried out under the conditions approximately simulating carburization
| from the pearlitic steel over a period of 100,000 h. However, it must be noted that the
effect of these conditions on the mechanical properties is more pronounced than that under
the actual conditions because of the occurance of all-sided {multidirectional). carburiza-
tion; in the actual structures, we observe one-sided (unilateral) carburization.

The analytical dependences of time-to-fracture t on the stress ¢ obtained using the
’ method of least-square [5, 6] have the following forms
|
|

lgo= —0.18301g t 4 1.7648 . (1)

when tested in pure sodium and

Translated from Atomnaya ﬁnergiya, No. 10, pp. 288-289, October, 1985. Original arti-
| cle submitted August 2, 1984; revision submitted January 8, 1985.
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Fig, 1. Stress dependence of the time-to-fracture
of the steel 10Kh1l8N9 in Na (O) and in Na + C (@)
at 500°C.

Fig. 2. Creep curves of the steel 10Kh18N9 at 500°C
in Na (O) and Na + C (®) at o = 190 MPa.
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Fig. 3. Stress dependence of the steady-state creep
rate of the steel 10Kh18N9 when testing in Na (@) and
Na + C (O) at 500°cC.

Fig. 4. Variation of carbon content across the thick-
ness of a 10Khl8N9 steel specimen after testing in

Na + C for a period of 1250 h (1) and 630 h (2) at
500°C.

lg 0= —0.1544 1g T1.7268 . (2)

when tested in carbon-containing sodium. The corresponding plots (Fig. 1) show that the
presence of carbon in sodium increases the long-term strength of the steel and improves the
creep resistance in that this effect is observed during the stage of steady-state creep
(Fig. 2). TFigure 3 shows that at 500°C, carbon-containing sodium leads to a decrease in the
steady-state creep rate by approximately 50%. In this case, the difference between the
corresponding creep rates increases with increasing test duration, i.e., with decreasing
load.

The stress dependence of the steady-state creep is described by the-following equations:

_ lg 6=0.16531g & +1.5411 (3)
when tested in pure sodium and

, lg 6 =0.1414 1g e+1,5470 (4)
when tested in carbon-containing sodium.

Metallographic analysis showed the formation of a frontal zone of increased etchability
(measuring 12 um in depth) on the surface of the 10Kh18N9 steel specimens subjected to creep
tests in carbon-containing sodium for a period of 1250 h. The formation of microcracks was
also observed on the specimen surface. We did not find variation in the microhardness
across the cross section of the steel specimen (2.2 x 10® MPa). The fracture of steel occurs
across the grains and along the grain boundaries. The specimens tested in carbon-free sodium
did not show any corrosive damage. Microcracks were found on the surface of the fractured
specimens also, but their number is significantly less than that observed during the tests in
carbon-containing sodium. In this case also, the fracture of steel is both transgranular and
intergranular.

The order to study ‘the corroded zone and -the changes in the carbon, chromium, and nickel
contents in the 10Kh18N9 steel subjected to tensile tests for 630 and 1250 h in carbon-con-
taining sodium, we studied the "oblique" sections of the specimens using an electron-probe
microanalyzer "Camebax." An insignificant carburization of the surface layer was recorded
(maximum by 0.4% of the initial carbon content). In this case, the carbon content and the
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the steel (Fig. 4). No changes in the chromium and nickel contents were rfound across the
cross section of the steel specimens. We evaluated the diffusion coefficient D of carbon
in the unstabilized austenitic steel along the depth of carburization, and found it to be
D= (5-9)+10~'*% cm?/sec.
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A MATERTALS-TECHNOLOGY INVESTIGATION OF THE CONTROL ROD BUSHES
OF REACTOR TYPE BOR-60
Golovanov, A. V. Povstyanko, -~ UDC 621.039.548

. Neustroev, V. M. Kosenkov,
. Klochkov, and V. K, Shamardin

l'11<'<
wwZz

Further study of the behavior of the various parts of the core is needed to ensure a
high degree of reliability and work capability in fast reactors. This includes the compen-
sating-rod bushes [1, 2]. For this reason, an investigation was carried out into a bush
type KS-1 of reactor BOR-60, irradiated in the third row of the core to a maximum neutron
flux of 16.5°10%* m~2 (E > 0.1 MeV) and then removed from the reactor when the compensating
rod jammed. -

Bush type KS-1 takes the form of a hexagonal tube made of Kh18N10T steel, measuring
44 mm over the key, with a cylindrical bore of 42 mm. The distributions of flux and temp-—
erature throughout the height of the bush during irradiation in the reactor are’ given in
Fig. 1. , AP

Geometry of Hexagon and Swelling of Material after Irradiation

External inspection of the upper part of the bush revealed parts with highly modified
shapes. The centers of the faces were markedly concave with respect to the ribs, starting
from center of the core up to a level of z = +170 mm. A reduction in the crosé—éectighal
area of the bush was observed at a level of z = +140 mm when checking the bore, bringing’
it to the diameter of the compensating rod. The size of the hexagonal bush was measured
at three points beneath the key, across the faces of the hexagon for the three pairs of
faces B—E, A-D, and C—F along the part from z = —70 to z = +250 mm (Fig. 2).

The swelling of the material of the KS-1 bush was determined by reference to the peri-
meter of the hexagon and the height of the core (see Table 1). A high degree of uniformity
in the swelling of the material of the rib (12.1-19.3%) and of the face (5.6-16.77%) was ob-—
served at a level of z = +80 mm, corresponding to the greatest change in shape.

Translated from Atcmmaya ﬁnergiya, Vol. 59, No. 4, pp. 289-290, October, 1985, Origi-
nal article submitted September 11, 1984; revision submitted December 13, 1984.
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Fig. 1. Variation in neutron flux and temperature
throughout the height of bush type KS-1 (from the
center of the core) when irradiated in a BOR-60 re-
actor: 1) neutron flux E > 0; 2) neutron flux E >
0.1 MeV; 3) temperature of outer surface of hot
face of bush; 4) temperature of inner surface of
hot face; 5) temperature of outer surface of cold

face.
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Fig. 2. Dimensions below kéy (s)'of hexa- Fig. 3. Variation in dimensions of swell-
gonal bush type KS-1 throughout the height ing of rib AV/V, and face AV/Vg, residual
of the core (z) for three pairs of faces: stresses (AB40°) and bending of the face
a): B~E; b) A-D; c) C-F. (W) about the periphery of a hexagonal

bush type KS-1 (z = +80 mm).
TABLE 1. Swelling of Material of Hexagonal
Bush Type KS-1 Throughout Height of Core

Swelling AV/V. %
z,mm | face rib face rib face | rib
A AB B BC c ¢
~+140 11,6 16,8 15,2 21,0 14,7 | 20,3
180 5.4 124 | 1,0 | 18,5 | 15,4 | 19,3
+20 5,1 13,1 6,0 10,0 6,6 | 13,2
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According to the investigation, the "jamming" of the compensating rod was caused by
swelling of the steel. The centers of the faces (especially face A) were concave, leading
to a constriction of the bore. We found that the swelling was nonuniform about the peri-
phery of the bush. This implied that a similar nonuniformity existed throughout the section
of the bush walls, since the temperature of the outer surface was considerably higher than
that of the inner surface (see Fig., 1). The nonuniform thickness of the wall of the bush
about its periphery (1 mm at the center of the face rising to 3 mm at the rib) and the non-
uniformity of the swelling about the periphery and section of the wall lead to the appearance
of stress and a corresponding bending moment that was at its maximum in the center of the
face and was directed towards the center of the hexagon. These stresses in their turn must
have given rise to a radiation-induced creep and bending of the faces of the hexagon.

The conditions of operation are bound to have an effect on the changes in shape of the
bush. Two materials—-technology assemblies were found in the neightborhood of the SU-3
bush during the course of the first four microruns and the temperature of two faces of the
bush hardly exceeded that of the incoming coolant (see Fig. 1). A considerably difference

must have existed between the swelling of the "hot" .and '"c6ld" -faces .of the bush, according .. . -

th existing data on the relationship of the swelling of steel mark Crl8NilOTi to neutron
flux levels and temperature [3] for a neutron flux of 5-10%° m~* (E > 0,1 MeV). Since the
first swellings took place more rapidly at the cold surface, an additional stress will arise
after the gap between assemblies is taken up and the bending of the bush will take:..place
relative to the cold face.

These ideas are confirmed by comparing the changes in three characteristics about the
periphery of the hexagon: the difference in swelling between the rib and the center of the
face, the residual macrostresses in the center of the face, and the bending of the plane
of the face (Fig. 3). 1In fact, face A experiences the minimum swelling (see Table 1), due
to which the difference between the swelling at the center of the face and the adjoining
ribs is a maximum and the residual stress a minimum.

Our investigations of the control rod bush of a BOR-60 reactor shows that the change
in shape of the bush in cross section is mainly determined by the nonuniformity din the
thickness of the wall, the temperature gradient about its periphery and section, the swell-
ing, and radiation-induced creep of the steel.
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QUANTITATIVE ESTIMATES OF THE ENERGY OF PULSED X RAYS BACKSCATTERED
BY AIR

V. D. Kosarev and V. P. Mukhin UDC 539.171:539.12

The advantages of devices using the backscattering of x rays [1-3] are responsible for
their wide application in automatic control systems of various objects.

Frequency, amplitude, and start—stop x ray measuring devices have been adequately
studied and described [2, 3]. At the same time there is no adequate theoretical basis for
stroboscopic measuring devices [4] based on the relation between the energy flux density
of backscattered gamma rays recorded during a time interfal (gate) and a measurable para-
meter. In particular, the air background has a substantial effect on the results of mea-
surements of the characteristics of an object under study in devices employing the back-
scattering of x rays. '

In analyzing x-ray measuring systems people generally consider the characteristics of
the field of an instantaneous point monochromatic isotropic radiation source specified by
a delta function [1, 5], since a pulse of any shape and length can be represented by super-
posing data for instantaneous sources [1].

To obtain quantitative estimates of pulsed x rays backscattered by air (air background)
we assume that the source S and the detector D coincide and are located in an infinite air
medium (Fig. 1). Here R is the radius of the front of the x-ray pulse, and AR is the thick-
ness of the air layer from which backscattered rays enter the gate of length At (At = 2AR/c),
where ¢ is the speed of light. The source radiates x rays of energy Eo into a unit solid
angle. The radiation backscattered from air is estimated in the single-scattering approxi-
mation, since multiple scattering of y rays canbe neglected within a mean free path [5].

~ We estimate the backscattering from a layer of air by using the well~known formulas for
backscattering from a spherical interface between two media [3]. In an air medium this sur-
face can be taken as a hemisphere (Fig. 1) with the detector and radiator at its center, and
a vacuum between O and R. For a displacement of this boundary by AR we obtain the energy
flux density of radiation at the detector which was backscattered from the layer of thickness
-AR.

Eu (AR) == Eod, 1—-;;)25 ¥, [1_ eXP(——i};;AI;L] oxp (—21oR),
| (t++%")
where A, is the energy albedo of air; uo, is linear absorption coefficient for the radiation;
and Yo, angle of collimation.

For a short gate length (AR/R « 1) we expand the exponential in the square brackets
and retain the first two terms. Then Eq. (1) takes the form

Eu (AR)= E4, exp (—2uoR). (2)

2n6AR (1 —cos ¥y)
R?
For a known geometry and a constant energy Eo the air density was the greatest effect
on backscattering from air. To estimate this effect for normal incidence and backscattering
(Fig. 1) and an infinitely thick scatterer we can write the albedo in the form [6]

N L :
Ae.—_(iﬁ_ 21y ? (3)

where do/dQ is the differential Compton scattering cross section per electron, and ne is the
concentration of free electrons in air.

Expressing n, in terms of the running density p of air, the linear absorption coeffi-
. cient ue in terms of the absorption coefficient u(0) at the initial density Po, and substi-
tuting these values into (2), we obtain

Translated from Atomnaya ﬁnergiya, Vol. 59, No. &, pp. 291-292, October, 1985. Origi-
nal article submitted September 27, 1984.
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Fig. 1. Geometry of the problem.
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Fig. 2. X-ray energy flux density in air as a function
of air density for p(0)R equal to 1) 0.3; 2) 0.6; 3) 1.0.
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Fig. 3. Dependence of energy flux density of radiation
scattered in air on the normalized distance to the air

layer.
Ey (AR)== Bz exp [—2p (0) 2R),: ’ (%)
d —
where B - g, d?z /NAARpA;I(:z cosyg), , oo

Np 1s Avogadro's number, Z is the average atomic number of the scattering medium, and M is
the average atomic mass of the gases making up the air. : :

We normalize (4) to Eg(z) for the initial conditions [uo = u(0) or p = pol:

k. Eulo < po) f v L 5
En= Eu(p==py) L‘(p [Z}L(O)R“ Po)]' . o P ( )
Figure 2 shows Eg as a function of p/po calculated with Eq. (5) for several normalized
distances p(0)R. In this case the variation of u(Q) is related to the varlation of the ’
initial energy Eo of the photons. '

Figure 2 shows that the larger the displacement of the gate along ‘the time axis rela-
tive to the main pulse (the larger R), and the lower the energy Eo (decrease of 1i1(0)), the
greater the effect of the air density on the energy of the rays recorded in the gate. The
change of energy between 50 and 200 keV is affected less than the change of R. This property
can be used to construct devices which can not only measure air density more accurately, but
also more importantly, can measure the density of the scattering medium in a localized re-
gion.

To determine the value of x for which Eg is maximum, we set the derivative‘of Eq. (4)
with respect to x equal to zero. This gives uoR = 0.5 as the condition for a maximum.

Substituting this value into Eq. (2), we find the maximum value of the energy of the
backscattered x rays recorded in the gate by the detector. Normalizing Eq. (2) to this
maximum, we obtain

_ (I
T Eunmax (1R)

If we take hoR as a parameter, Eq. (6) is completely normalized, and is convenient
for practical applications since all quantities in it are dimensionless (Fig. 3). The

E* (uol!) =2pykt exp [1— 2uyR). : V 6)
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energy of the radiation backscattered from a layer of thickness AR (air background in the
gate) is maximum for ueR = 0.5 for all values of the energy and any position of the gate
on the time axis (t = 2R/c). The increase in background for ueR < 0.5 is a result of the
fact that the volume of the air layer for a fixed AR increases with increasing R (Fig. 1).
With a further increase in R the absorption of the backscattered radiation in the near
layers begins to matter. With an increase in the energy Eo of the quanta their mean free
path in the scattering medium increases, and consequently the maximum backscattering occurs
from more distant layers of air.

Analysis of the results obtained shows that the energy Eg of <y rays backscattered.
from a layer of air (emergy of the background of pulsed x-rays from air in the gate Ep)
is determined not only by the energy Eo, of the primary radiation and the angle of collima-
tion Yo, as for integral estimates [3], but also by the location of the gate t(R) on the
time axis relative to the radiated pulse, i.e., by the position of the air layer in space
from which the backscattered radiation is recorded by the detector in the gate.
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COMPARISON OF THE EXPERIMENTAL AND THEORETICAL VALUES OF THE EFFECTIVE
ATTENUATION FACTORS OF RADIATION IN MONODISPERSE ABSORBERS

V. M. Zhdanova, V. I. Kostenko, , UDC 539,122:541.182
I. V. Krivolutskaya, and G. K. Potrebenikov )

The problem of calculating the effective attenuation factors of radiation (x-rays) and
neutrons, in disperse absorbers has been considered in [1-7] in connection with the investi-
gation of the shielding properties of disperse materials, in order to take account of the
structures of ores and powdered specimens in nuclear-physics methods of anmalysis in the
development of a-absorption dispersion  analysis.

Theoretical estimates of the effective attenuation factors for monodisperse absorbers
with spherical particles of the disperse phase [1-5] can be verified experimentally.

The fundamental assumption in the calculation of the effective attenuation factor u'

. is the one relating to the law of distribution p(k) of the number of particles k of the
disperse phase that are intersected by a quantum (a neutron) as it passes through a plane
er of disperse absorber of thickness L. For a binomial distribution p(k) = C§pk a1 -
k =0.1, ..., N, N=1LD"%, p = 1.5 V (D is the diameter of the particles, V is the

volume fraction of the disperse phase), the following expression was obtained in [1]:
o =L n (—15v (1 K (uD));
) €Y
K(u”%;;§§;H—~U41d”0XP(—MDHv

where u = uA-— uH, uA and u are the linear attenuation factors of the a-radiation in
the materlals of the disperse phase and the in the dispersion medium, respectively. When
= 1.5LD"%, p = V [2], and

Translated from Atomnaya ﬁnergiya, Vol. 59, No. &, pp. 292-293, October, 1985. Origi-
nal article submitted October 16, 1984.
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Specimens of Disperse Absorber

__ Av. CSS particle | Height of
v . ]
diameter, cm specimen, cm

0,020 0,0408 1,800 °
0,080 0,0408 0,900
0,140 0,0508 0,900
0,200 - 11,0408 0,490
0,300 0,0408 0,404
0,400 0,0323 0,311
0,500 0,0323 0,200

408 {1,21[,5]
902 [7-5]
7 1 0 ! -
70 30 pry,cmt 70 70 Mg cm!

Fig. 1. Comparison of the experimental data .
(points) with the calculated data (curves); the
square brackets indicate the source in the litera-
ture cited. o

. H 1.5 f 1 .
W= —Tln A-vit-K (nD)}- ) (2)

For a Poisson distribution [p(k) = vke=V k-, v=1.5VL, k = 0.1, ...], we can find
from (1) or (2), to within V when V « 1, the expression [3] ' )

W :;;ll‘“"l— L;—V [1—K (uD)]. . A : ' (3)

Leman et al. [4] obtained an expression for the mass effective attgnuation-factbr:: The

- corresponding expression for a linear effective attenuation factor has the form

Ld

W= pH (o) pj\)D ln{1-_.1.5vﬂpi'[1—-1§(pA'D)]}, L T (4)

where pp and p are the density of the material of the disperse phase and the average density
of the disperse absorber, respectively.

From expression (4), to within V when V « 1, we can obtain [5]:

W i F () _‘%‘i K (WD)} | (5)

The values of the effective attenuation factors, calculated from the relations (1)-(5),
may differ considerably and must be experimentally verified. In the present study we ob-
tained experimental values of the effective linear attenuation factors of the characteristic
x-ray radiation of the K-series of Ba, Pr, Sm, and Ho in specimens of disperse absorbers
with spherical particles of the disperse phase (cast steel shot, CSS [8]) in a slightly
absorbent dispersion medium (a mixture of starch and castor oil). The experimental appara-
tus was assembled on the basis of the "Mineral-3" roentgenoradiometric analyzer sensor in
an arrangement with dual excitation: a '’°Tm radioisotope source excites the characteristic
x-ray radiation of the intermediate target; this radiation is used to excite the character-
istic x-ray radiation of the main target, which passes through the absorber being investi-
gated and is recorded by a scintillation detector.

The theoretical estimates (1)-(5) correspond to an experiment with a broad monodirec-
tional beam of radiation which must ‘at the same time be sufficiently.closely collimated to
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reduce the contribution made to the recorded effect by the radiation scattered in the ab-
sorber. In order to satisfy both of these requirements, we placed the cylindrical absorber
between two slit collimators and rotated it during the measurements. The operating regime
of the apparatus was so chosen as to record all the lines of the K series. The diameter of
the specimen of disperse absorber was 3.280 cm, the relative mean-square deviation of the
distributions of the volume fraction of the particles of the disperse phase according to
size was less than or equal to 16%, py = 7.3 g/cm?®, the demsity of the dispersion medium was
1.21 + 0.03 g/cm®. The remaining parameters are shown in Table 1.

The experimental values of the effective attenuation factors were determined as the
average of three absorber specimens for each value of the volume fraction of the disperse
phase. The experimental (mean square) error of these average values was less than or equal
to 1.5%, and the experimental error of the linear attenuation factors was pul < 0.3%. The
values of uH for the K series radiation of Ba, Pr, Sm, and Ho were 0.308, 0.277, 0.253,
and 0.228 em™', respectively. :

Figure 1 shows a comparison of the experimental data with data calculated by formulas
(1)-(5). In the calculation it was assumed that the slit collimators did not ensure mono-
directionality of the radiation, and therefore we introduced a correction for the nonmono-
chromaticity of the characteristic radiation. The values of A were calculated with due
regard for the composition of the material of the CSS.

As can be seen from Fig. 1, the experimental data are in good agreement with those
calculated by formula (1) for the absorbers investigated. For a small volume fraction of
the disperse phase (V< 0.08), the divergence between the experimental data and those cal-
culated by formulas (3) and (5) does not exceed 3%.
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POSSIBILITY OF DETECTING SODIUM BOILING iN THE BN-600 REACTOR
BY MEANS OF NEUTRON NOISE

V. N. Efimov, S. N. Eshchenko, UDC 621.039.514
A. A. Minakov, and Yu. I. Leshchenko

Early diagnosis of the presence of sodium in a fast-reactor fuel assembly is highly
important as far as prevention of the spreading of this anomaly to the detriment of the
entire core 1s concerned. One effective method of surveillance is analysis of the neutron-
flux or reactivity noise.

‘Experience from a study of the sodium-boiling phenomenon in the BOR-60 reactor indi-
cates that neutron-flux noise is basically the result of the emergence of a vapor phase
accompanied by the formation of bubbles, their migration through the core and ensuing con-
densation, and also the periodic change of vapor phase (of oscillations), whereupon the
boiling signal/noise ratio exceeds 20 dB [1].

The results given are typical of reactors with a small core, where the reactivity ef-
fects induced by sodium boiling in an individual assembly are fairly considerable. 1In a
large reactor, neutron-physics monitoring and sodium-boiling diagnostics have their own
peculiarities and complexities. 1In contrast to small-size reactors, the sign of the reac-
tivity effect in the presence of local overheating and boiling can vary from section to
section of the core. A considerable effect is produced on their control and safety rods.

For analyzing changes in the integral and local neutron fluxes in the presence of a
fuel-assembly blockage, computer and experimental studies were carried out on BOR-60. As
the basis for the computer scheme, we took a cylindrical two-dimensional model of the reac-
tor in RZ geometry. Computing was carried out with the NF-6 programming complex, which had
been developed for executing the two-dimensional neutron-physics studies [2]. For direct
calculations we used a 26-group diffusion approximation, and for the assessment according to
the perturbation theory we used the 6-group diffusion approximation (BNAB-78 library of
constants). :

In studies other than the change in reactivity we determined the response of the local

‘neutron-flux detectors (NFD) made of rhodium. 1In BOR-6C the detectors were located in an

experimental assembly at core-center level, and in the top section they were located at the
level of the baseplate of the rotating sample. On the basis of the calculations for the
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Fig. 1. Changes in reactivity in the case of the
total destruction of a single fuel assembly as a

function of the distance from the core center to

the fuel assembly concerned.

Fig. 2. Changes in reactivity in the presénce of

a vapor bubble in a fuel assembly with a volume of
1 cm® as a function of the distance to the lowest

extremity of the core.

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 4, pp. 293-294, October, 1984, Origi-
nal article submitted November 19, 1984; revision submitted March 4, 1985.
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Fig. 3. Relative change in the signal from

a rhodium NFD for the case of the complete

destruction of a single fuel assembly in the

sixth row: R) distance between the NFD and

the axis of the anomalous fuel assembly.

change in neutron-flux density in the presence of local overheating we calculated the rela-
tive change in the signal DPZ

Al 2 A

———==:S “r]giﬁm

=1 ‘

where AI/I is the relative change in the signal NFD; A¢i/¢i» relative change in the neutron
flux of the ith group; &8;, proportion of neutrons in the i-th group; and oy, (n, y) capture
cross section for '*?Rh and the neutrons of the i-th group.

In the case of the assessment of the change in reactivity and local changes in neutron
flux, agreement between the calculated neutron spectrum and the actual one is of prime im-
portance; in the calculations of the neutron spectra pertaining to 13 energetic groups, the
maximum divergence from the experimental results was found to be 35% [3]. To assess the
accuracy of the calculations on the BOR-60 we also performed experiments on the local change
in temperature in the core. For a rise of 70°C in the temperature of the coolant in a single
fuel assembly we obtained the following results (the first figure refers to the calculated
value, the second to the experimental one): the change in reactivity, Ak/k was 0.33:107°,

(0.4 £ 0.05)10™%, the relative change in signal NFD was 0.026, 0.015 * 0.003 (at the core
center), and was 0.078, 0.081 * 0.016 (at the uppermost extremity of the core). The calcu-
lated results agree satisfactorily with the experimental ones. This makes it possible to
use the method to assess the effects in the case of the destruction of a BN-600 fuel assem
bly. :

As a result of the calculations that have been carried out, it is established that the
effect of the total destruction of a single fuel assembly as a function of its location in
the core varies in the range of (—10-2)°10- ® Ak/k (Fig. 1). From Fig. 1 it is evident that
there exist regions where practically no void effect prevails. - Calculations also show that
there is a change of sign for the void effect with core height in certain fuel assemblies
(Fig. 2) where, despite the small effect of the complete removal of sodium, considerable
changes in reactivity are possible in the case of the partial destruction of an assembly.

One can use the data obtained tc assess the characteristic neutron-flux noise when '
sodium boils. On the basis of the results of the experiments in the BOR-60 [1], we shall
assume a boiling mechanism where the change in vapor volume amounts to :20% of the volume
of a single fuel assembly. Then the amplitude of the neutron-flux pulsation will be 0.04-
0.72% of the nominal value, depending on where the boiling occurs.

Preliminary experimental studies on BN-600 neutron noise have made it possible to \
attain a standard deviation of 0.06% in the noise over the frequency range 0.1-10 Hz. A
comparison of this value with the calculated one indicates that the amplitude of the noise
due to boiling is lower than the background noise level in 207 of the fuel assemblies but
higher than that in 807 of them. Hence it follows that the system for recording boiling
by means of the usual neutron chamber will not be effective enough.

Among the calculations, we also determined the changes in the signals from NFD, which
were placed above the endcaps of the BN-600 fuel assemblies, for the case of the complete
destruction of a single assembly located .in the sixth row of the core (Fig. 3). Analysis
shows that, with the assumed boiling mechanism, in any fuel assembly the amplitude of the
signal from a NFD installed on the bottom plate of rotating samples, due allowance having
been made for their dynamic characteristics, is 0.25-0.51%. This means that, with one such
probe, one can monitor coolant boiling at any point in the core. For recording weaker boil-
ing, several local probes will be required.

As far as comprehensive basis for a monitoring system using NFD is concerned, it will
be necessary to carry out further research work in rigs and on fast power reactors. However,
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principle of devising effective sodium boiling noise diagnostic systems.

LITERATURE CITED

1. K. A. Aleksandrov. V. A. Afanas'ev, and V. N, Efimov, Basic Results of Research Work on
the BOR-60 Reactor into the Diagnosis of Sodium Boiling in the Core. Atomic Science
and Technology Questions. Physics and Technology of Nuclear Reactors Series [in Rus-

" sian], No. 3 (25), (1982), pp. 44-49.

2. P. N. Alekseev and S. A. Bikineeva, Modules of the NF-6 Complex for the Multigroup
Finite~-Difference Calculation of the Flux Density and Worth of Neutrons in Nuclear Reac-
tors in Two-Dimensional XY and RZ Geometry [in Russian], Preprint, NIIAR P-37 (445),
Dimitrovgrad (1980).

3. N. R. Nigmatullin.and G. I. Gadzhiev, The Change in. Neutron Spectra in the BOR-60 Reac-
tor [in Russian], Preprint, NIIAR P-15 (309), Dimitrovgrad (1977), p. 15.

EXPERIMENTAL DETERMINATION OF A UNIVERSAL EXCITATION FUNCTION
OF CHARACTERISTIC X RAYS BY A BEAM OF PROTONS IN A MASSIVE TARGET

V. F. Volkov, V. N, Sinitsyn, UDC 535.33/34:539.183:539.184
and A. N. Eritenko '

The registration intensity of characteristic x rays (CXR) excited by protons (ioﬁs) in
a massive composite target can be written in the form [1, 2]

I‘;‘= k ﬁAp CAquPaRs (Emax) 64 (Emax) Q (Ef)‘v a‘(‘)t, ) v (L
A

where k is the registration efficiency; N, Avogadro's number; o, density of the target;

cp and wy, concentration and fluorescent yield of the gq-th level of element A of atomic

mass Ap; Py, probability of the radiation of a photon; Rg(Ep,y), linear range of an ion in

the target for an energy Epax =~ 1.05 (mp/me) Eé, where and m, are respectively the pro-

ton and electron masses; EA, binding energy of electrons of the q-th-shell of element A; and

0p(Epax)s lonization cross'section of the gq-th shell of element A for Ep,y.

The universal function Q(Eé, aéis) depends on two parameters, and has the form

. |
o )= | norren{—d, [1- ()]} a. - »

A
q

T

where

V7~ V7,
Eo=Eo/Emax; af)" s=WmiRms = 2 i A; aj/z €i A;
. 7 ;

o '—TI}L{mRmi (Eo)y Bq= E?/Emax = const (EoZ);

Uni and “%i are the mass absorption coefficients of the sample and element j for the radia-
tion being analyzed, n(g) = oA(E)/cA(EmaX), op(E) 1s the ionization cross section, R,y and
Rys are the mass ranges of a proton in the sample and in element j, and Zj is the atomic
number of the element.

The relative intensity of the CXR of element A has the form
= If’\ —.Cca Rms O(EA; a6‘. s (3)
15§ Pme Q&fiape)

%A

where IS is the intensity of the CXR of element A from a standard sample with a concentration

’ eV 7; Zn
of the element equal to c§. It was shown in [2] that Rye/Rpe = 2} %vf;’/:ackv/ k. and there-
j k

A Ay

fore it follows from (3) that

Translated from Atomnaya Energiya, Vol. 59, No. &4, p. 295, October, 1985. Original
article submitted December 7, 1984; revision submitted April 3, 1985.
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Fig. 1. Experimental dependence of the relative
intensity x4. of the Ky line on ago for proton
energies of 1) 0.8; 2) 1; 3) 1.18 MeV.

Fig. 2. Experimental dependence of the universal
excitation function on Aae for proton energies of
1) 1.0; 2) 1.18 MeV,
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Numerical calculations showed that for a < 2, Q(£o, do) = Q(£o, 0) exp [-B(£o) ao],.
where B = 0.325£3°°%%, and consequently

: T &, aft 0 af ) exp [—BEY) (af ;—ap. - (5)
For small values of the exponent of the exponential in Eq. (5)
T(Ef)l: Aao’e)’—:’ 1_6@3) A“o" (6)

Thus, by measuring the relative intensity of lines for samples of known composition
(for example, single-component samples can be used as standards) it is possible to determine
the universal function T(£e, Aaos). It is obviously necessary to choose the lines of ele-
ments for which there are no effects of selective excitation.

With this in mind. we chose samples of Ni—Mn, Ni—Fe, and Ni—Fe—Mo alloys of various com—
positions. We recorded the K, line of nickel. The CXR were excited by a beam of protons
with energies of 0.795,.0.999, and 1.178 MeV. .The. experimental arrangement was. described.
in [3]. x, depends exponentially on aé,s (Fig. 1).

Within the experimental and spectral processing errors the function T(£§, Aae) is lin-
ear, as follows from formula (6) (Fig. 2). It can be used to develop specific variants of

the determination of the composition of samples, allowing for the influence of matrix effects

on the intensity of the CSR.
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A DATA BANK ON THE METHODS OF MATERIALS TESTING IN REACTORS

N. V. Markina, A, V. Rudkevich, UDC 621.039:62-30
and E. E. Lebedeva :

The problems of reactor materiology require high quality in regard to methodological

‘and metrological aspects of experiments for obtaining reliable information.

Owing to the specific aspects of reactor testing [1, 2], when a new method is worked
out one must always use the experience obtained in testing either in the reactor itself or
in shielded chambers for samples of previously irradiated materials.

The lack of information on the existing methodological developments often leads to
the duplication of experiments or to additional experiments. In the case of reactor test-
ing, such experiments are particularly expensive and require much time so that the effi-
ciency of scientific research work is importantly affected. All these details have evoked
interest iIn building an automatic data bank for the accumulation and systematization of
information on reactor testing techniques, with their specific features properly taken into
account.

Main Purpose of the Data Bank. Since the efficiency of methods to be developed should
be increased and the metrological reliability of investigations should be improved [3], the
various methods of reactor testing must be put into a systematic order. These problems are
of prime importance as they mean obtaining representative, reliable experimental results
suitable for comparison.

The development of an automatic data bank is the most promising way of storing the
available information and of putting it into systematic order. The advantages of this
means of information storage and processing have been repeatedly evaluated in the special-
ized literature [4, 5]. As far as the methods of reactor testing are concerned, a data
bank makes it possible to generalize the experience gathered in research work, to develop a
common representation of the totality of available testing methods, to establish the prob-
lems which have not yet been methodologically ensured, to provide a universal, formalized
description of the methods employed, which description is required for developing criteria
of comparison to develop criteria for the comparison of various methods, to make metrologi-
cal iInspections of methodical safeguards, and to optimize the number of new developments.

Besides that, the particular use of a data bank is associated with certain solutions
adopted for necessary methodological developments on the basis of the previously reached
development level. '

When a databank is available, any researcher can make decisions on new methodological
developments since he has at his disposal full information (in the form of descriptions,
quantitative data, documentation lists, etc.) on the existing methods of studying interest-
ing properties of materials, and, in addition, information on the evaluation of, firstly,
the suitability of the methods for a particular proble and, secondly, the specific features
of the methods (e.,g., errors and ranges of parameters to be measured).

Data Model. The selection of a conceptual data model is the most important problem to
be solved in the development of any new data processing system. The selection depends upon
the classification of the subject field and the procedures required for access to the data.
The known feature-dependent classification of reactor testing methods is based upon the
arrangement of the subject field in accordance with the type of investigations (before the
reactor, inside the reactor, behind the reactor), the goal of the work, and the properties
to be studied or the conditions and the type of the irradiation [3]. This classification
assumes symmetric access to the data, i.e., feasibility of a search (or determination):
search for the methods of studying a particular property, designation of a particular group
of methods with respect to their purpose, and methods corresponding to a particular class
of tests and certain goals.

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 4, pp. 296-297, October, 1985. Origi-
nal article submitted December 13, 1984. :
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In addition, access to such details of methods as parameters to be measured, precision
of the measurements, organization or developer of the method, reactor, etc. must be possible
and a search for methods with given features must be feasible.

Fully symmetric access can be obtained only by a relation model of data. Though in the
actual development of data banks, relation techniques have not yet been widely introduced
[6], the corresponding theoretical problems have been solved rather well [7, 8]. Further-
more, in proportion to the development of the methodological safeguards, the bank must be
expanded by introducing new characteristics. All these points have lead to the decision
that a relation model must be adopted when the data bank is being built up.

In information systems the main points of the information are often divided into con-
cepts, objects, properties of objects, characteristics of properties, etec. A hierarchy of
concepts 1s constructed on the basis of such a subdivision. Thus, a measurement method can
be related to characteristics (features) of the method, the precision of measurements, i.e.,
to characteristic features of the measuring technique, etc. However, in real problems it
is usually not necessary to establish such a hierarchy [9]. Therefore a data base is built
up on the basis of one terminal set the elements of which correspond to concepts, objects,
properties in the subject field, and values of properties.

Problems of the Interaction with the Data Bank. The design of the bank provides for
using a model of the subject field, represented in the data bank, by a final user who is
not a specialist in the field of information processing.

The data bank is designed for a final user who must only indicate what to do without
laying down conditions how to do it. Thus, the means of the interaction with the data bank
do not involve procedures. One of the most promising modes of interaction with the data
bank is based on a dialogue ina limited natural language. But such a dialogue is hard to
achieve and requires large computational capacities. Furthermore, for the user of a data
bank a response in the traditional form of tables and graphs is fully acceptable and often
even more suitable. Therefore a formalized language based on calculus in terms of relations
is used in a data bank.

The basic idea of the proposed approach to the communication with the data bank is
associated with time-sharing in the inputting of questions and their description and also
with the development of specialized nonprocedural languages for describing the question and
the form of the instructions for the bank. The dialogue is designed for two categories of
users in material research: a subscriber submitting questions and an instructing party input-
ing changes of the data or additions to them. The subscriber works with a more or less
specific dialogue whichcan be started by the computer and uses previously determined types of
questions formulated as a system of predicates containing parameters. During the dialogue,
the subscriber inputs the parameter values whereupon the values of the variables are searched |
and the answer to a question is outputted. The instructing party inputs and corrects data
by using previously prepared instruction patterns. In the course of the dialogue, thecomputer
inquires for parameter values in accordance with the scheme given by the relation to be pro-
cessed. :

This interaction scheme provides for an efficient replenishing of the model with new in-
formation without need for studying special problems of programming and information theory,
an operational search for information, operational redesigning of the model of the subject
field (inclusion of new relations, removal and correction of old relations), operational
changes in the vocabulary of the model, and the possibility of converting information repre-
sented by the model for the evaluation of this information and its generalization.

The data bank design described was put into practice in a BESM-6 computer. At the
present time the data bank contains information on about 300 reactor testing methods de-
veloped. The library of inquiries includes about 20 descriptions. The preparation and in-
putting of one new description requires 5-20 min. The time of an anawer to an inquiry de-
pends upon the complexity of it and the load on the computer and varies between 30 sec and
3-4 min.

This data bank can be used for tests of materials in reactors and for research on ir-
radiated materials housed in shielding chambers.
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INFLUENCE OF THE POSITION OF THE GROUP OF ELEMENTS OF THE CONTROLLING
AND SHIELDING SYSTEM UPON THE INTEGRAL NEUTRON FLUX THROUGH THE SIDE
SURFACE OF THE JACKET OF THE VVER-440 (WATER—WATER POWER) REACTOR

. Bogachek, K. A. Gazaryan, UDC 621.039.512.44
. Luzhnov, V. V. Lysenko,
. Makhon'kov, V. V. Morozov,
. Musorin, V. I. Pavlov,
Saakov, V. D. Simonov,
and S G. Tsypin
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Measuring systems which are based on detectors mounted outside a reactor are widely
employed for determining integral and differential characteristics of the energy distribu-

-tion in the core of a nuclear reactor [1].

" An output meter was mounted on the first block of the Armenian Atomic Power Station
[2]. The sensor of the output meter is located under the reactor jacket near the geometri-
cal axis of the reactor (see Fig. 1). The goal of the present work is a quantitative
evaluation of the influence of the elements of the controlling and shielding system of the
boron concentration in the coolant on the readings of the output meter.

The experimental data listed in Table 1 were obtained in the first half of the second
operating period of the first block of the Armenian Atomic Power Station. The measurements
were made at various reactor output values which were determined from the -thermal balance

TABLE 1. Results of the Experiment

Position (cm)Conen, (g %2 Thermal Readings (rel,

of the sixth of boric acid|output (MW)|units) of the out-
group of ele-in the cool- jof the re- “|put meter referred
men?s ant actor to the thermal

60 5,6 500 1,000
85 2.5 1188 0,993
143 6.4 459 0,947
176 3.0 1195 0,909
230 34 1199 0,876
248 6.8 477 0,849

Translated from Atommaya ﬁnergiya, Vol. 59, No. 4, pp. 297-298, October, 1985. Origi-
nal article submitted December 20, 1984.
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Fig. 1. Position of the output meter: 1) coré; 2) reactor;
3) shield; 4) sensor of output measurements.
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Fig. 2. Comparison of the experimental results with
the calculated results: 0) readings of the output
meter referred to the thermal output of the reactor;
—) regression line of the readings of the output
meter referred to the thermal output of the reactor

in dependence upon the position He¢ of the sixth

group of elements of the controlling and shielding
system with y = 0.9278 — 0.00083 (He — 157.2); O0) cal-
culated integral neutron flux through the side surface
of the reactor (0.95 confidence level).

(3]. An analysis of the resulting data has shown that the ratio of the counting rate of the
output meter to the thermal power of the reactor does not depend (within the error limits of
the experiment) upon the boron concentration of the coolant but changes noticeably when the
group of elements of the controlling and shielding system are rearranged (see Fig. 2).

The radiation field in the zone of the sensor of the output meter is generated mainly
by neutrons which have passed through the gide surface of the reactor into the gap between
the jacket and the concrete shield (see Fig. 1) and which have experienced a few scattering
deflections. The neutrons which have left the core in downward direction are suppressed by
a 3-m water layer [2]. Taking into account this detail and the experimental results, it was
assumed that a particular thermal rating, a change in the position of the group of elements
of the controlling and shielding system will substantially influence the integral neutron
flux through the side surface of the reactor jacket. This effect has been theoretically
predicted a long time ago [4] but quantitative estimates have not been made for a water—
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water power reactor. In the case under consideration, when the position of the group of
elements of the controlling and shielding system was changed from 60 to 250 cm (the elements
were completely pulled out), the counting rate normalized to the output and, hence, the -in-
tegral neutron flux through the side surface decreased by 157.

Calculations have confirmed that such an important effect is possible. The BIPR-5
program [5) was used to calculate the energy distribution corresponding to various positions
of the group of elements of the controlling and ghielding system at nominal parameters of
the coolant and the reactor output of the first block of the Armenian Atomic Power Station.
Thereafter, ray analysis was ‘used to calculate for each energy distribution the integral
neutron flux through the external side surface of the reactor jacket, the side surface being
delimited by the height of the core. The relaxation length within the core was 10.7 cm and
8 cm outside the core (see Fig. 2).

Thus, it was shown by experiments and calculations that a change in the position of the
group of the elements of the controlling and shielding system from half immersion to total
pull-out (at an unchanged reactor output) reduces the integral neutron flux through the
reactor side surface by 10-15%. A change in the concentration of boric acid in the coolant
from 2.5 to 6.8 g/kg only insignificantly affected the integral flux.

The authors thank V. A. Voznesenskii and A. N. Kamyshan for useful discussions of the.
results and for their support of the present work.
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MODEL OF CRATER FORMATION UNDER ION BOMBARDMENT

V.»P. Zhukov and A. V. Demidov . UDC 621.039.531

The formation of craters on the surface of materials irradiated by ihiigh-energy ions is
attracting a great deal of attention; its mechanism, however, remains unclear. The dimen-
sions of the craters formed depend in a complicated manner on the parameters of irradiation.
For example, when the surface of Au was bombarded with 125-keV Bit ions the average crater
diameter was equal to 4.6 nm, while when a Ge surface was bombarded by 20- and 40-keV Te'
and Te,' ions the crater diameters reached 10-20 and 20-40 nm, respectively [1].

It is difficult to explain such large crater sizes on the basis of the traditional
model of a cascade of atomic collisions, since its dimensions (5 nm) are much smaller
than the dimensions of the craters [1]. A more accurate model was given in [2], where the
solid 1s approximated by a continuous medium and the concept of a shock wave is used, though
the maximum crater diameter predicted by this model is still ten times smaller than the
observed diameter [1]. Moreover, the mechanism assumed for the ejection of matter is doubt-
ful from the viewpoint of the physics.of shock waves [3]. Larger crater dimensions are pre-
dicted by the model in [4], where the problem under study is likened to the well-known prob-
lem of the impact of a meteorite against the surface of a planet [3]. This approach, how-
ever, is valid only for an extremely small penetration depth of the ion, when the probability
of the formation of a crater reaches 100%, in contrast to the probability observed in prac-
tice, which is equal to ~1%.

A more accurate analysis [5] of the peak displacement in the approximation of a contin-
uous medium showed that the evolution of this peak can be approximated by the evolution of
a spherical explosion wave with a central cavern and an outgoing plastic shock wave. In the
light of the correspondence established between the peak displacement and the microexplosion
it is appropriate to analyze crater formation as being the result of the development of a
subsurface displacement peak on the basis of the physics of subsurface (underground) explo-
sions [6].

The mechanics of an underground explosion that leads to the formation of a crater is,
unfortunately, quite complicated, and the analysis can be carried out only with significant
simplifications. When the charge is placed at a moderate depht, the plastic shock wave
emerges to the surface, causing the formation of a dome and a reflected rarefaction wave,
whose interaction with the shock wave can cause spallation of part of the material on the
surface. As soon as the rarefaction wave reaches the cavern, a higher velocity is imparted
to the material lying above it and accelerated growth of the cavern begins in the direction
toward the surface. When the energy of the explosion occurring at a moderate depth is high
enough, the dome formed breaks apart (fragments) and is ejected to the outside in the form
of fragments, which leads to the formation of a crater whose diamter can be several times
larger than the characteristic diameter of the cavern formed by an explosion in an unbounded
medium, When the explosion occurs at a small depth, the connecting strip separating the
cavern from the surface can be ejected even before the onset of the interaction between the
reflected rarefaction wave and the cavern, and then the crater diameter is approximately
equal to the cavern diameter. Thus the existence of these two mechanisms of crater forma-
tion gives rise to the existence of some optimal depth for placing the charge at which the
dimensions of the crater are maximum; this is confirmed by the experimental data.

These ideas are useful in evaluating the size of the crater formed when the material
is dispersed by the bombarding ions. Taking into account the hardness of the medium, the
following semiempirical formula relating the mass of the charge to the dimensions of the
crater is obtained [6]: q = Kh®[A + B(r/h)®], where q is the mass of the charge; h is the
depth of the charge; r is the radius of the visible crater; K ~2 kg/m®; A= 0.4 and B =
0.6 are empirical coefficients, which are virtually independent of the properties of the
medium. Taking into account the fact that a l-kg charge is equivalent to an energy of
31022 keV, we obtain the following relation for estimating the diameter of the crater:

d = 2[(3:102° E/K — An®)/B]'/>,

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 4, pp. 298-299, October, 1985. Origi-
nal article submitted January 3, 1985.
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Under bombardment by ions giving rise to peak displacement at a depth of 10 nm, when
the energy of the primary knocked-out atom is E = 100 keV, the diameter of the crater will
be equal to 100 nm, which is in agreement with the experimental data for Ge. In the case
of Au the diameter of the crater is quite close to the computed diameter of the cavern (5
nm [5]) and is apparently formed by the subsurface peak displacement. If, on the other
hand, this peak displacement 15 located at a depth = 20 nm (which 1is comparable to the dia-
meter of the shock wave at the moment that plastic flow ceases [5]), then only the elastic
wave emerges onto the surface and the crater is not formed. We note that a crater may also
not be formed in the case of a nearly surface cascade of displacements, when the conditions
| for the formation of a shock wave are not met. When the crater is approximated by a hemi- -

sphere with a diameter d, the dispersal of the material is proportional to E {2, 4].

In spite of the fact that the formula used is much too simplified, since it does not
lead to the correct limiting transitions accompanying the formation of the peak displacement
at small and large depths, the estimates obtained indicate that the model of a subsurface
explosion could be useful in giving a quantitative description of the process of crater
formation.
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ANALYSIS OF THE EFFECTIVENESS OF MONITORING OF THE ENERGY LIBERATION
FIELD IN REACTORS -BASED ON CONDITIONAL DISTRIBUTION LAWS

V. A. Vlasov, P. I. Popov, UDC 519.257:621.039.564
and V. V. Postnikov :

The energy-liberation field E(r) in reactors is often controlled with the use of the
reconstructed (estimated) values Ei of a random field £(r) at the points ry(i =1, 2, ...,
m (1, 2]; the values of £(r) are evaluated according to the indications ni;, ..., nNp of sen-
sors used for discrete monitoring with the help of a computer [2]. The efficiency of oper-
ational control of the energy-liberation field is analyzed below as a function of the accur-
acy with which it is monitored, taking into account the characteristics of the thermotechni-
cal reliability of the active zone of the reactor using normally distributed random quanti-
ties. The normal distribution law is used in the practice of ensuring the thermotechnical
reliability of the aective zone of reactors [2]. It is recommended that the probability
R(t) that at each time t the true values £ = £(rj) of the field do not exceed their criti-
| cal values £.p.i be used as its quantitative characteristic [3]. The inequality £; < &cr.i
is equivalent to the inequality‘v > 0, where Vi = Ecr.i — £4; in addition, £,p.4 can also
be a random quantity, evaluated with some error. In what follows, we shall study V with
the coordinates V4(1 =1, 2, ..., m). In reality, V is never known because of the errors
in the estimation of &.r1, Ei.

Assume that at time t the density distributions py(xi1, ..., Xp, 81, ..., B7) and pg(yl,
«s Yms Bis ...s B7) of the vectors V and £ with the coordinates g4 =1, 2, ..., m),
where B;, ..., B7 have the meaning of control parameters (for example, the positions of the
regulating organs), are known. The values of B;, ..., B; can be chosen starting from the

Translated from Atomnaya Energiya, Vol. 59, No. 4, pp. 299-301, October, 1985. Origi-
nal article submitted February 1, 1985,

0038-531X/85/5904~0871$09.50 © 1986 Plenum Publishing Corporation 871

Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1




Declassified and Approved For Release 2013/02/20 : CIA-RDP10-02196R000300070004-1

optimization O a glven IUNCT1ONal J, GEPENnAlNg O PriYyis esess Yps P1sy -eey P/ auu vualfac-
terizing the goal of the control action, under the condition that R(t) >’Radm’ where Radmis
the admissible value of the level of thermotechnical reliability. The functional J can be

taken, for example, as the average value Jo of the total power of the reactor.

At each time t the distributions pg(y,, vees Yms By esey B7) and py(x1y oy Xp, Bu,
evey B7), are refined with the help of the observed vector " with the coordinates ni, ...,
Nps i.e., these distributions are conditional. Therefore the conditional value t of the
level of thermotechnical reliability of Jy(t) and the conditionalvalue of R,,(t) of the functional
J can be calculated at each time t. The problem ot controlling the field lies in selecting
the values of the control parameters at each t such that Jy(t) assumes a maximum value, the
condition Ry (t) > R,qp is satisfied, and other restrictions on Bi, ..., B7 of a structural
or regulating character also hold. Thus the field is indirectly controlled from the vector
ob observations M correlated with it.

Variation of .the control parameters involves a change in the observed values n;, ...,
Nps which affects Ry(t), Jy(t). Therefore, in order to make the correct choice of control
parameters the dependences of the observed values on Bi, ..., BZ, obtained on the basis
of modeling of the physical properties of the reactor, must be known. Finding the condi-
tional distribution laws pg(yis «««s Yms Bas «oes B1) va(xl’ eees Xps Bi1y +.., BZ) in the
general case is a laborious computational operation. For a normal joint distribution law
of all random quantities studied, the conditional distribution laws for V, & are also normal
[4]. The optimal linear estimates of the coordinates of the vectors V and § summarize all ,
information about these laws incorporated in @ [5]. The optimal linear estimates of the
coordinates of the vectors V and § are conditional mathematical expectations of these coor- !
dinates, and the conditional covariational matrices of the vectors are independent of n [41].
Thus for the normal distribution law the most accurate monitoring of the field is an inter-
mediate operation for finding the conditional distribution laws of the vectors V and & and
correspondingly (t) and J,(t). The statistical interpolation, used for reconstructing the
energy-liberation” field [2], is equivalent to searching for the conditional mathematical ‘
expectation of random quantities.

Finding the optimal values of the control parameters, even under the conditions of a

normal distribution law is a laborious operation, because of the large dimensions of Vv and
. We shall therefore begin the analysis of the control efficiency with the analysis of q

the admissible value of the observed energy liberation in one fuel channel of the reactor.

lLet the control parameter at the beginning of the analysis be the mathematical expec-
tation p of enmergy liberation &1 in the channel; in addition, &y and its critical value
ET.cr, are monitored with random errors eT and €.p, respectively, so that the obsérved values
are equal to ny = &p + €, NT.cr = £Tecr + Ecr. The observed values np, Nr.or are assumed to
be arbitrary unbiased estimates of &1, &T.crs obtained as a function of the vector of measure-,
ments n. Under the assumption that the vector 0 with the coordinates £T, E£F.cyr> €Ts €cor iS-
distributed according to the normal law with a known covariation matrix K and known mathema-
tical expectations of the coordimates M{er] = u, MIEr.cr] = ucrs MleT] = Mlec,e] = 0, the
vector & with the coordinates ny, Nr.cr, V1 = ET.cr — ET, linearly related to 0r, also has a
normal distribution law with known mathematical expectations M[nT] = u, MinT.crl = Mers .
M[VT] = Her — M and a known covariation matrix K, which can be calculated from the matrix K.

. The conditioﬁal distribution law vp is the normal distribution with mathematical expec-
tation u and mean-square deviation Ovys SO that the level of thermotechnical reliability
for the Zzannel is equal to ’

RE = O(yy/Ovy) ' (1)

where ¢(u) is the distribution function of the normal distribution of a random quantity, hav-
ing unit variance and zero mathematical expectation. The unfolded form of the analytical
dependence of Uyys Ovy OR the parameters of the distribution law of the vector 6 is pre~
sented, for example, in [6]:

5 9 4—p3—pi—pi+20:Ps0s .
UV!/=U’V t 21‘”[)% ] (2)

Poy=Boy —B+her MTiep ~Her TATMT M)
where '
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ol

is the symbol for the correlation coefficient; oy, Ucr; op are the mean-square deviations
of the random quantities v, ny.cr, NT. '

The quantity Ay, by which Myy must be changed in order for the equality RT Rodms
to hold, is calculated according to the relation (1) from the equation

adm =(D[(Pv1/+Ay)/”Vy]v (3)

where o), takes into account the possible change in the parameters of the distribution law
of the vector 0 accompanying a change in the control parameter u.

Under the assumption that when varies the remaining parameters of the distribution
law of 6 remain unchanged and the quantity nT ny — v remains constant, from the expression
(2) we find that the change Ay in the parameter u, for which the condition (3) holds, is
equal to

Ap=po — Bp—%0yy+hep (N7, op —Men)+hr (AT —1), %)
where * = ¢ (Rygy), and ' (u) is the function inverse to ¢(u).

The constancy of np is a model of the dependence of the observed value of ny on the
control parameter u, since ny = u + nr.

Using this model enables the calculation of the admissible observed value

- M= per —%0uy+Aer (IT.er — Per)H (A1) T
Thus the admissible observed value of energy liberation depends on the observed values
nTocr, nTo -

Control consists of selecting a p at time t such that the observed value of energy
liberation would be equal to “Edmﬁ At thesame time, as an analysis using a formula similar
to (2) shows, the equality M[ET] = uop —~kcvy will be achieved. Thus the more accurately
vr, is monitored, the higher is the average value of energy liberation achieved with the
use of the observed values for generating the control actions. When the conditional mathe-
matical expectation of the quantity vy is used as the observed value, the admissible (lowest)
value is constant and equal to KOyye

In practice the number 7 of control parameters is less than the number m of fuel chan-
nels For this reason, in the general case, it is impossible to satisfy the equality nr =
adm forall channelssimultaneously, and for an optimum choice B,, ..., B7 there exists an
admissible value “admi < "gdmi for each channelwith whichthe maximumof Jo is attained. If
it is impossible to calculate the optimal values of the control parameters, then they can
be determined by approximate methods, in particular, from operator experience. An approxi-
mate determination of B,, ..., B7 produces an additional lowering of the energy liberation

m

in each fuel channel by 6;. The sum 8§ = 2(‘% determines the total power of the reactor and
i=1

serves as a characteristic of the method for selecting the control parameters {(in particular,
operator experience), and lowering the mean-square monitoring error vy by ony enables in-
creasing Jo by a value close to

AJ g =mxACy,.

The critical values of the coordinates V are known exactly (they are equal to zero),
since the vector ¥ with the coordinates Yj; = n admi " Madmi ~ —64 isactually thevector ofregula—_
tion errors [2]. The exact value of AJ, can be obtained only by taking into account the
dependence of the errors in monitoring and regulation of V.

There is one other factor determining the desirability of using the procedure for re-
constructing the energy-liberation field. The parameters of the distribution law &7, for
example, the mathematical expectation u, may be unknown, but can be estimated from the col-
lection of observed values niy(i = 1, 2, ..., n) [2]. Focusing on the indications in each
fuel channel, it is possible to use the estimate Uy1 = ny of the conditional mathematical
expectation of uy4; in addition the accuracy of “yi is characterized by the quantity coy =
M (np — uy)’]. %or example, for unknown e€p, we have &g, where ooy = og/og + o2, where OEand
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~ensuring the thermophysical reliability of the active zone of the reactor. The use of the
entire collection of observed values substantially increases the accuracy of estimates of
the unknown parameters of the distribution laws and correspondingly the accuracy of the

estimation of Ry.
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MONTE CARLO CALCULATION OF THE FIELD GRADIENT OF Y RAYS

M. P. Panin ’ UDC 519.283

The radiation field behind a shield of complex geometric form is distinguished by con-
siderable spatial inhomogeneity. In connection with this, it is of interest, in investigat-
ing the field, to determine not only the functionals of the field but also their deriva-
tives. In the present work, an algorithm is proposed for the direct calculation of the
gradients of the photon flux density, the energy flux, and the photon radiation dose by the
Monte Carlo method.

To estimate the gradient of the y-ray flux density at the point of detection r *, use
is made of the well-known local estimate [1] for a point detector Fy(ri, r *, 1) depending
~on the point-of collision r§ and the corresponding cosineé of the scattering angle u. If
the flux density ¢ is the mathematical expectation of this estimate, its gradient will be

VO=MVF;. (1)

Differentiating the local éstimate F{ with respect to the spatial variable r*, an explicit
expression for VFi in terms of the differential scattering cross section og(n) and the opti-
cal thickness T between the points r{ and r* is obtained

= F | — rr—r; | Vos(w) . :
’ VI;-.—-F,[ 2 lr*—ri|2+ o () Vr], 2)
For the second term in this formula, it is found that
Vos(v) _ Vi dos _Q—po
e o YT el (3)

where 2 is the direction of photon motion before collision; © is the direction to the detec-
tor r* from point r;. Using the Compton model of scattering, it may be shown that

1 do,  3E"24 E2-|-2BE (u—1)+2nk’ “
o B’ E* (1 —p)4-Ep?

Here and below, E and E' are the photon energies before and after scattering, expressed in
units of moec?.

Translated from Atomnaya ﬁnergiya, Vol. 59, No. 4, pp. 301-302, October, 1985. Original
article submitted February 1, 1985.
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Fig. 2. Dependence of the photon flux density (a)
and z projection of the gradient of the photon flux-
density .(b) on the distance to the barrier surface.
Displacement of the detector D along the X axis by
4 cm; source energy S = 0.1 MeV. The filled circles
correspond to results of calculation by the Monte
.Carlo method and the crosses to. estimates of the
derivative by the quadratic approximation; the line
segments show the value of V;0.

Now consider the calculation of V¥r. Suppose that the optical thickness is formed by
the sum of n zones, each of which has the length Zj and the cross section oj for energy E'.
Then '

VT=JZ‘ 03v1j+21 ALER : ' ©(5)
= £ :

The first term in this formula is transformed to a form more expedient for calculation by
expressing the length 7; in terms of the distance Pj from the point of collision rj to the
point of intersection o% the zone boundaries of the photon trajectory Zj = Py~ Py-1- The
result obtained is .

n n—1 '
2 oIVl = 2 (65 —0it1) VPH—O;M’ (6)
i=1 =1

where the summation is taken over the intersecting zone boundaries. To calculate this sum,
it 1s necessary to determine not only the distance P for each point of intersection but
also the vector normal N; of the zone boundary at these points in constructing the estimate
in the detector. '
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PV T PYSLLLVE UldliTOLLUL UL LUE LOLWMEL LLUN LIOE CONALTION A5 = N:®w > y, the
orthonormalized triad of vectors elalg is constructed at the point of intersection of the
j-th boundary (Fig. 1)., as follows '

a=[oN;]/| [@Nj][, g;=|wa)/] [wa] |. (7)
Since the vector a belongs to plane I', which is tangential to the zone boundary and perpen-
dicular to @, small displacements of the detector position along this vector do not change
the distance pj. Displacement along o also does not change pj. Then ij coincides in
direction with the vector '

gi=(oAh;—Nj)/| 0hj—Nj;|. (8)
The expression within the summation sign in Eq. (6) may'now be completely determined since
Voi=0;V1—=4j/Ajlr*—r,]. (9)

To calculate Vo' in Eq. (5), the following relation is used
,_d .
Vo :d—z(E)Vu (10)

together with Eq. (3) for the gradient of the cosine of the scattering angle, . The value of
do/dy as a function of the energy is calculated in advance on the basis of the constants of
{2]) and tabulated.

Analogously to the estimate in Eq. (2) for the gradient of the photon flux density, the
estimate is constructed for the gradient of the photon energy flux density V13, and also
the gradient of the photon-radiation dose VDi, taking into account that

V1= R~ F BV,
VD=1, Ypdo,/dp+o,V1;.

Here the calculation of the dose gradient requires tabulation of the derivatives of the
energy absorption cross section doa/du.

(1)

. Note, however, that the use of estimates in the form in Eqs. (2) and (11) is limited to
the case when the detector is outside the scatterer, on account of the singularity of type
In r of the first term in the square brackets in Eq. (2).

As an illustration of the use of this algorithm, the results of calculating the flux
density ¢ of the scattered photon radiation and the corresponding gradient V¢ beyond an
infinite plane two-layer barrier (aluminum and carbon; each layer is of thickness 0.5 d.s.p.

with respect to the normal) are shown in Fig. 2...The energy.of .a.point semiisotropic source.. -

of unit power at the barrier surface is 0.1 MeV. In Fig. 2a, an inclined line segment shows
the projection of the gradient on the Z axis V,¢ calculated from the given algorithm for

each value of $(z). The quantitative reliability criterion of these results may be taken to
be coincidence of the theoretical values of V,¢ with 38/3z, estimated from the set of points
of &(z) obtained. This comparison is shown in Fig. 2b, where the approximate values of the

derivative are obtained by plotting an approximating quadratic polynomial from three adjacent
points., It is evident that both results coincide satisfactorily within the limits of statis-

tical error of the calculation, and this confirms the effectiveness of the algorithm.

Including a calculation procedure for the gradient Vé in the program increases the cal-
culation time by approximately 30-35%. The relative statistical errors for V¢ are higher
than for &, as a rule, and this difference increases as the detection point approaches the
scatterer (barrier).
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o

N

' MEASUREMENT TECHNIQUES L.

Izmeritel'nava Tekhnika -
Vol. 27 1984(121ssues) RREATERR PP $520

-

" MECHANICS OF COMPOSITE MATERI‘A‘LS'

Mekhanika Kompozitnykh Materialov
Vol. 20, 1984 (6 issues) ........ e e $430

. . . ~

METAL SCIENCE AND HEAT TREATMENT -
Metallovedenie i Termicheskaya Obrabotka :Metal[ov

Vol. 26, l984(12155ues) ..................... cene $540
METALLURGIST T .

‘R Metallurg’ - T
Vol. 28, 1984 (12 issues) ....... s e $555

PROBLEMS OF INFORMATION TRANSMISSION

Froblemy Peredachi Informatsii
Vol. 20, 1984 (4 issues) .......... EREE S $420 -
PROGRAMMING AND COMPUTER SOFTWARE
Programmirovanie

" Vol. 10, 1984 (6issues) . ........ PR e $l75
PROTECTION OF METALS
Zashchita Metallov - _ :
Vol. 20, 1984 (6issues) . :............ P $480

RADIOPHYSICS AN D QUANTUM ELECTRONICS

Izvestiya Vysshtkh Uchebnykh Zavedenii, Radwf zika*

Vol. 27, 1984 (12 xssues) ......... e $520
R_‘EFRAC’I_' ORIES - o . )
Ogneupory ) IR

Vol. 25, 1984 (12issues) ......... . PR ..~ $480

Sibirskii Matematicheskii Zhurnal -

- Vol. 25,1984 (6issues) ................... eeenn. 8625

SOIL MECHANICS AND .
FOUNDATION ENGINEERING

. Osnovaniya; Fundamenty i Mekhamka Gruntov

.Vol 21, 1984 (6issues) .......c ... i $500
SOLAR SYSTEM_RESEARCH ’ -
‘Astronomicheskii Vestnik .

Vol. 18, 1984 (6issues) .................. e ;.$365

Send for.Your Free Examination Copy - " : y

T e

3

SOVIET APPLIED MECHANICS
- Prikladnaya Mekhanika
Vol. 20, 1984(12lssues) ..... e e . $520°

SOVIEJ' ATOMIC ENERGY
Atomnaya Energiya _ . -
Vols 56- 57 1984 (12 1ssues). e $560-

SOVIET JOURNAL OF GLASS PHYSICS
AND CHEMISTRY
. Fizika i Khimiya Stekla

Vol. 10, 1984 (6 issues) ... Ceeen S $235-
SOVIET JOURNAL OF L
NONDESTRUCTIVE TESTING - 7
Defektoskopiya - ]

Vol. 20, 1984 (121ssues) ............ ST .. %615
SOVIET MATERIALS SCIENCE o )

- Fiziko-khimicheskaya. Mekhamka Materzalov - .

Vol. 20, 1984 (6issues) ...l ... ceeas Cee T $445

SOVIET MICROELECTRONICS
Mikroélektronika

~

Vol. 13, 1984 (6 issties) . ............ el $255
‘SOVIET MINING SCIENCE ‘ . :
Fiziko-tekhnicheskie Problemy Razrabotki 1
‘Poleznykh Iskopaemykh N T
Vol. 20 1984 (6. 1ssues) ......... LA e $540.
SOVIET PHYSICS JOURNAL . = -

Izvestiya Vysshikh Uchebnykh Zavedemz, Fizika

Vol. 27, 1984 (12 1ssues) ........... PR R TR 3520

SOVIET POWDER METALLURGY AND -

- METAL CERAMICS-

Poroshkovaya Metallurgiya -

" Vol. 23, 1984 (12i88068) ..o To ... $555

STRENGTH OF MATERIALS '

- Problemy Prochnosti L
' Vol 16, 1984(121ssues) st ienanannns - $625

THEORETICAL AND MATHEMATICAL PHYSICS
‘Teoreticheskaya i Matematicheskaya Fizika
Vol. 58-61,1984 (12issues)................ P $500

’

~

' UKRAINIAN MATHEMATICAL JOURNAL

Ukrainskii Matematicheskii Zlmmal
Vol 36, 1984 (6 issues) RERS AR R R R RE R N $500 :

\

- Plenum Publishing Ct;rporauon, 233 Spring St., New York, N.Y. 10013
In United Kingdom: 88/90-Middlesex- St., ‘London E1 TEZ, England

Prices slightly hu;hcr outside the U.S. Prices subject to chlngc wnhoul nonce

-
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RUSSIAN JOURNALS IN THE PHYSICAL
AND MATHEMATICAL SCIENCES

AVAILABLE IN ENGLISH TRANSLATION

ALGEBRA AND LOGIC
Algebra i Logika

Vol. 23, 1984 (6 issues) .. ... .. .. e ... $360
ASTROPHYSICS -

Astrofizika ;o

Vol. 20, 1984 (4 issues) .................... e $420

AUTOMATION AND REMOTE CONTROL
. Avtomatika i Telemekhanika '
Vol. 45,1984 (241issues) .. ...l $625

_COMBUSTION, EXPLOSION, AN D SHOCK/WAVES
- Fizika Goreniya i Vzryva -
Vol. 20, 1984 (6iSSUES) . ... ovvvr it $445

COSMIC RESEARCH

Kosmicheskie Issledovamya ’

Vol, 22, 1984 (6 issues). . .. .. e e $545
CYBERNETICS |

Kibernetika ' :

Vol. 20, 1984 (6 issues). .. ........ooinininii... $445

DIFFERENTIAL EQUATIONS

Differentsial’'nye Uravneniya

Vol. 20, 1984 (12 issues) ...... ... (e $505
DOKLADY BIOPHYSICS
Doklady Akademii Nauk SSSR

Vols. 274-279,.1984 (2issues) ....................... $145

FLUID DYNAMICS '
" Izvestiya Akademii Nauk SSSR,

Mekhanika Zhidkosti | Gaza

Vol. 19,1984 (6isSU€s) ... ..voviin i, $500

FUNCTIONAL ANALYSIS AND
“ITS APPLICATIONS
Funktsional'nyi Analiz i Ego Prilozheniya’
Vol. 18, 1984 (4 ISSUES) .. ee e $410

GLASS AND CERAMICS _
Steklo i Keramika .
Vol. 41,1984 (6issues) . ........c.ccveunvenuann s $590

'HIGH TEMPERATURE
Teplofizika Vysokikh Temperatur .
Vol. 22, 1984 (6issues) ............... e $520

HYDROTECHNICAL CONS'I'RUCTION
Gidrotekhnicheskoe Stroitel'stvo -

Vol. 18, 1984 (12issues) ........ccvviivnnenrnnnn. $385
INDUSTRIAL LABORATORY

Zavodskaya Laboératoriva = - _ - o

Vol. 50 1984 (121issues) . ........coviiiinnnnnnn.. $520

INSTRUMENTS AND
-EXPERIMENTAL TECHNIQUES -
Pribory i Tekhnika Ifkspenmenta

Vol. 27, 1984 (12ssues) . ... s 28590
JOURNAL OF APPLIED MECHANICS

AND TECHNICAL PHYSICS .

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki

Vol. 25,1984 (6issues) .........oorniivecnnn.. $540

JOURNAL OF APPLIED SPECTROSCOPY
-Zhurnal Prikladnoi Spektroskopii :
Vols 40-41, 1984 (12issues) . ..................... $540

JOURNAL OF ENGINEERING PHYSICS

Inzhenerno-fizicheskii Zhurnal

Vols. 46-47, 1984 (12.issues) . ................ L.T.8540

JOURNAL OF SOVIET LASER RESEARCH 7

A translation of articles based on the best Soviet research in the
field of lasers L

VOL.'5, 1984 (6iSSUES) . . oo oeee e $180

JOURNAL OF SOVIET MATHEMATICS - .
A translation of Itogi Nauki i Tekhniki and Zapiski  /
Nauchnykh Seminarov'Leningradskogo Otdeleniya

Matematicheskogo Instituta im. V. A. Steklova AN SSSR

Vols. 24-27, 1984 (24 issues).......... e “$1035
y 59,

LITHOLOGY AND MINERAL RESOURCES
Litologiya i ‘Poleznye Iskopaemye- .o
Vol. 19, 1984(6lssues)...................j ...... $540

LITHUANIAN MATHEMATICAL JOURNAL
Litovskii Matematicheskii Sbornik

’ Vol. 24, 1984 (4issues) .............. e $255

MAGNETOHYDRODYNAMICS »
Magnitnaya Gidrodinamika .

Vol 20, 1984 (4issues) .......covvvennnnn. e $415
MATHEMATICAL NOTES.

Matematicheskie Zametki _ .

Vols. 35-36, 1984 (121issues)..........cocuvuurn.n $520

continued on inside back cover
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